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Abstract 
This thesis investigates the starting of small gasoline engines using a 
nitrocellulose propellant charge as the energy source. The starter prototype that 
was designed, built, and tested incorporates a piston/cylinder arrangement that 
utilizes explosively generated gas pressure to drive the piston in straight line 
motion. A section of gear rack is mechanically attached to the piston, and it 
meshes with a steel pinion that is connected to the engine input shaft through 
an overrunning clutch. During gear rack extension, the explosive energy, which 
is contained in a TROUND cartridge, is converted into kinetic energy of the 
gear rack piston. This energy is stored in a compression spring while the clutch 
overrides the engine crankshaft. The spring force slows down the gear rack pis-
ton and reverses its direction of motion. On the return stroke, the overrunning 
clutch engages, and the spring force acts to accelerate the engine. 
The compression spring used in the prototype starter was designed using 
data from a numerical dynamic simulation of the starter and the engine. The 
con1pression spring acts as a tcn1porary storage elcrncnt to slow down the ex-
plosive energy transfer rate to the engine crankshaft. The engine inertia needed 
in this simulation was experimentally determined as well as calculated from en-
gine data. The simulation was run for both values of engine inertia, and the 
actual system speed-time response was found to fall between the two limiting 
numerical results. 
This investigation shows that two grains of nitrocellulose propellant is ade-
quate for top-dead-center intake initial crankshaft position engine starting. The 
limitation of the prototype starter developed herein is its overall length of 46 
inches. This is primarily due to the compression spring length, and the starter 
I 
lflngth C<>uld b<> f('cJuce.d l)y fincii11g a sl<>wrr reacting exp1<>sive pr<>J>c,Jlant. This 
would elirr1inate the need for terr1r>orary energy storage in the compression 
spring, and the engine starter could be designed to more directly convert the ex-
plosive energy into kinetic energy of the engine parts. 
This work also discusses various engine starting methods that were ex-
perimentally analyzed prior to designing the prototype starter. 
2 
1.1 Project Description 
Chapter 1 
Introduction 
The goal of this project is to develop a working prototype of a cartridge-
actuated, small horsepower (HP) gasoline engine starter. The test engine used 
for this work is a 3 HP, four-stroke-cycle, single cylinder, Industrial/Commercial 
small gasoline engine. It is a Briggs & Stratton cast aluminium engine 
equipped with Magnetron starting and Pulsa-jet carburetion. Briggs & Stratton 
uses three types of carburetors on their small engines. The Pulsa-jet type was 
selected over the Flow-jet and Vacu-jet models because it is least sensitive to 
fuel tank level. See Appendix A for additional engine specifications. 
A four-stroke-cycle engine completes one cycle after two revolutions of the 
engine crankshaft. The cycle consists of four up-and-do\\'n strokes of the engine 
piston. The four strokes are intake, compression, power, and exhaust. During 
the intake stroke, the intake va)ve is open w hi)e the exhaust valve is closed. 
As the piston moves downward, a vacuum is created that draws an air-fuel mix-
ture into the engine cylinder. During the compression stroke, both engine 
valves are closed, and the piston compresses the volatile air-fue) mixture on its 
upward stroke. Near the end of the compression stroke, ignition occurs. The 
piston is driven down by the high gas pressure developed upon ignition. This is 
the power stroke. During the exhaust stroke, the piston pushes the combustion 
gas out the open exhaust valve. 
Two-stroke-cycle small gasoline engines are also widely used. The major 
difference between the two-stroke-cycle and the four-stroke-cycle engine is that 
3 
t.hP t.W<>-st.roke-cyr.l(' engin<· r<>mplf't.es on<' ryrle every crankshaft r<-voluti<>n. 
Two-stroke-cycle engines are lighter in weight tl1an the equivalent horsepower 
four-stroke-cycle engine, and they are, in genera), a faster accelerating engine. 
These advantages make the two-stroke-cycle engine ideal for chainsaw and 
motorbike applications. The four-stroke-cycle engine was chosen for this study 
as it is most popular in the small lawn and garden industry. Two-stroke-cycle 
engine starting will not be analyzed in this thesis. 
The notion of starting small engines via explosive charge was first studied 
by an entrepreneurial firm named Powerstart, Inc. Their efforts focused on two 
direct starting methods. The first direct starting method released the expanding 
gas generated by the explosive charge directly into the engine cylinder. This 
starting method used an explosive holding fixture mounted on the engine head. 
Access to the engine cylinder was accomplished via a hole tapped into the en-
gine head. The gas pressure generated by the explosive charge would drive the 
engine piston down, thus accelerating the engine. A sealing problem between 
the holding fixture and the engine head was the major limitation of this design. 
It was also found that the pressure generated by the expanding gas was 
strongly dependent upon the location of the piston and its direction of motion. 
If the engine was in the intake or exhaust stroke when the energy was released, 
the generated pressure escaped through the open engine valve. If the engine 
was in the compression or power stroke, the location of the piston determined 
the size of the combustion chamber. The result was an inconsistent explosive 
input force. 
Powerstart also investigated a direct starting method that used an inde-
pendent piston cylinder arrangement. Tl1e explosive energy was used to drive a 
.. 
4 
·-- . . 
start,er piston ir1 straight line rr1otii<>r1. The~ st.art.er piston had a small pul)c,y at-
tached to it that guided the rewind rope. As the starter piston was linearly ac-
celerated, the rewind rope extended, thus accelerating the engine. Although the 
piston position and sealing problems were eliminated in this approach, this 
starter was also unsuccessful in starting the engine. The starter piston ex-
perienced very rapid acceleration as a result of the explosive energy release. 
The rewind rope would break as a direct result of the high stresses developed. 
The chemical energy of the explosive is released in several milliseconds. Direct 
starting requires transferring this chemical energy to kinetic energy of the engine 
in this short time period. A method of slowing down this energy transfer such 
that the engine can be accelerated at a slower, controlled rate was necessary. 
Faced \\rith this challenging problem, Powerstart initiated this research work 
through the Ben Franklin Research Program. 
The explosive charge, consisting of igniter and propellant, is housed in a 
unique triangular cartridge. The sides of this cartridge are rounded as sho\\rn in 
Figure 1-1. 
- -
- . 
-
.356 
1 
.450--1 
.090 RAD 
.625 
Figure 1-1: Tround cartridge shown 2x actual size. 
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This cartridge, which is eciuipJ>Pd ,vith an e)ectrical system tc> facilitate SJ>ark ig-
nition, is called a TROUNl) (1"'riangular-+ ROUND). The TROUND, a 
trademark of Tround International, Inc. was developed by ordnance engineer 
David Dardick in the 1940's. The unique tround shape is designed to allow 
high speed indexing and firing in an open chamber action as developed by Dar-
dick. The open chamber action incorporates a rotating cylinder instead of the 
conventional bolt or piston action normally used in firearms. In a conventional 
firearm, the cartridge is indexed by translating it axially through a distance 
greater than its length. The open chamber method of indexing requires that 
the cartridge be moved laterally through a distance only as large as its 
width (1]·. 
Nonmilitary applications of the tround cartridge include a tround rock 
drill 12]. The tround rock drill is a conventional rock drill equipped with a spe-
cial explosive system. The idea is to use explosive energy to fragment hard rock 
formations. The rock drill system fires three ceramic projectiles per cartridge 
that strike the rock face at slightly different instants of time. The overlapping 
stress waves produced by this staggered impact fracture the rock several inches 
in front of the drill. This facilitates the cutting action of a conventional drill-
ing head. Other applications of the tround that have been investigated include 
naildrivers, tree pruners, and surgical cutting instruments. 
The tround shape is designed for high speed indexing and firing which is 
required in military applications. Military and rock drilling applications rely on 
the cartridge to accelerate a projectile. The small engine starter does not re-
• Numbers in brackets indicate references 
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'· ,
quire l1igh SJ>eed indexing. Tht> start.er alsc> dc>es not rely on the in1J>a.ct <>f ac-
celerated projectiles. The mechanisn1 required in the starter application is tl1e 
generation of gas pressure that can be converted into usable mechanical energy. 
1. 2 Current Engine Starting Methods 
Small gasoline engines are portable which allows them to be used in 
widely varying applications and working environments. Many methods are cur-
rently used to start these engines. Some of them are: 
MECHANICAL 
I. R.ewind Starter 
Rewind starters were first used on small engines nearly fifty years ago by 
Jacobsen. Rewind starting is now the most popular starting method used on 
small engines. A starter rope is wound three to five revolutions around the 
starter pulley hub. As the rope is pulled, a sprag type overrunning clutch 
engages which turns the engine over. When the relative engine crankshaft speed 
is greater than the rotational speed of the starter pulley, the clutch disengages. 
A constant force spring attached to the starter rope rewinds the rope on the 
starter pulley. 
2. Pull Rope Starter 
The pull rope type starting method requires t]1e user to manually wrap the 
starter rope around the starter pulley. The rope is tightened on the pulley by 
a knot that is slid into a one way groove, or by friction. There is no overrun-
ning clutch to permit the starter rope to rewind. The rope is unwound, and 
detaches from the starter pulley as it nears the end of its wrap. 
7 
3. I 111pu lse / \\7i nd up ty r>e start<~r 
The irnpulsc starter works on the principle of stored spring energy. A 
ratchet mechanism or trigger that bears against the engine flywheel prevents the 
engine from turning as energy is stored in the spring. Energy is stored in the 
spring by manually turning a hand crank mounted above the starter assembly. 
The energy is released by tripping the ratchet or trigger. If the engine does 
not start, this procedure must be repeated. 
Figures 1-2, 1-3, and 1-4** show the three mechanica] starter types. 
ELECTRICAL 
• g1nes. 
Severa] different electrical starters have been used on smal] gasoline en-
Electrical starter classification is based on the power source and the 
method of drive. Possible power sources include: 
1. 115- Volt ac source. 
2. 12-Volt starter-generator unit. 
3. 12- Volt lead acid or Ni cad battery. 
Electrical starters require little physical energy to actuate, but they do 
have several disadvantages. Electrical starters must rely on a storage battery or 
a 115-Volt ac source. Stora.ge batteries are bulky, and they are unreliable in 
colder climates. The 115- Volt ac starters take away the portability that makes 
the small engine so valuable. In addition, electrical starters are the most ex-
pensive means of starting small engines. The operation of electrical starters will 
not be developed in this thesis. 
** The author is grateful for permission to reprint Figures 1-2, 1-3, 1-4, and 2-2 as granted by TAB 
BOOKS Inc., Blue Ridge Summit, PA 17214. These figures were taken from "How to Repair Briggs 
& Stratton Engines·-2nd Edition (No. 1687), copywrite 1984 by TAB BOOKS Inc.". 
8 
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-
Figure 1-2: The rewind starter. 
/ 
----
' 
Figure 1-3: Tl1e pull rope starter. 
9 
Figure 1-4: The power spring i1npulse starter. 
1. 3 Ev alt1ation of Ct1rre11t St art i11g Met l1ods 
The rewind starter is cheaper than all starting methods ,vith the exception 
of the pull rope starter. It is reliable and maintenance free. It is quite com-
pact, and the starter rope is automatically re\\·ound after use. 'fl1e starter rope 
is always under tension which prevents cord knots. The rope is permanently at-
tached to the starter pulley to avoid loss or mispla.rement. If more than one 
attempt at starting is required, the re\\'ind starter is very efficient. 
The pull rope starter requires that the operator \\'ind the pull rope around 
the starter pulley prior to e1ach starting attempt. This starting method is 
tedious and inefficient for hard starting engines. From a saf et.y standpoint, the 
rope starter is less than ideal. After extending the pull rope cord, it disengages 
from the starter pulley. The cord could get caught in nearby equipment, or it 
could strike the operator or bystanders. 
10 
The major disadvantag<~ of th<, rewincJ <>r r<lJ><1 starter is that a large 
amount of physical energy is required to start even a srna)I engir1c. Experimen-
tal tests indicate the required pulling force for consistent starting to be at least 
200 N ( 451b) initial effort. The elderly or physically handicapped find this start-
ing method difficult or impossible to use. Another drawback of the rewind 
starter is that some applications confine an engine to an area where inadequate 
space is available for pull starting. The engine orientation and/or location may 
hinder the operators ability to apply the needed force. 
The impulse starter was intended to reduce the peak cranking effort as 
compared to the rope starters. This goal is accomplished by storing the re-
quired starting energy over a longer time period than that necessary to directly 
handstart an engine. However, inefficiences of the crank, ratchet, and power 
spring require the input of more energy than that required to handstart an en-
gine. Thus, the average operator effort is increased. Impulse starter power 
springs experience very high stresses. Hence, the operating life of this type 
starter is usually short. Safety is the biggest disadvantage of the impulse 
starter. The power spring, when loaded, contains enough energy to break an 
arm. If the spring energy were accidently released, severe bodily damage could 
result. 
As pointed out above, all current starting methods have limitations. A 
universal starter that is reliable, inexpensive, compact, and easy to use does not 
exist. A well designed explosively driven, cartridge-actuated, starter will hope-
ful]~ meet most of these requirements in a safe and simple manner. L. __ , 
11 
1.4 Cartridge-Act11atcd Stllrt.<•r R.<•q11ire111ents 
The major requirement of any starter is that it must. accelerate the engine 
up to starting speed. The engine must generate sufficient spark in the presence 
of a volatile air-fuel mixture for it to fire. Vacuum caused by the downward 
stroke of the engine piston during the intake stroke pulls an air-fuel mixture 
into the engine cylinder. A spark is generated by moving a magnet attached to 
the engine flywheel past the conducting armature. Briggs & Stratton claims 
that sufficient spark is generated for starting at 85 RPM f 3). They have set 
300 RPM as the critical speed for reliable starting of all small engines they 
manufacture. Thus, 300 RPM will be the minimum speed requirement the ex-
plosive starter must obtain. Spark occurs as the engine nears the end of the 
compression stroke. The speed requirement is interpreted as the speed required 
at the end of the compression stroke. 
Ideally, the cartridge-actuated starter should turn the crankshaft through 
3-4 revolutions. This \\'ould ensure sufficient engine speed for starting independ-
ent of the initial crankshaft p(>sition. The cartridge-actuated starter must be 
capable of multiple starts. A cold engine frequently requires more than one 
starting attempt. This requirement is interpreted to mean that a low speed in-
dexing device must be used. The starter must be easily adapted to other en-
gine makes and models, and its overall cost must compare with that of a 
rewind starter. The starter must be proven to be consumer safe and very reli-
able to compete with the rewind starter. 
12 
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1.5 (_;)nssifi<~atior1 of Explosives 
Fundamentally, explosives are of three types: mechanical, chemical, and 
atomic. Chemical ex.plosives are further classified as either deflagrating propel-
lants or high explosives. 
Deflagrating propellants or "pyrotechnics", as they are sometimes referred, 
undergo a forrr1 of advanced combustion called deflagration [4). Deflagrating 
propellants ignite rapidly and burn much quicker than the ordinary combustion 
process. Combustion requires the presence of oxygen. Deflagrating propellants 
contain their own oxygen supply in chemical forn1. This property makes them 
ideal for space applications [5]. Deflagration is considered a self propagating 
surface phenomenon. The reaction products flow away from the unreacted 
rna terial. Denagrating propelJants are generally good heat or gas producers. 
This characteristic is the result of slower burning rates and lower pressures as 
compared to detonating explosives. The gas produced by deflagration can be 
considered a unique power source for doing mechanical work. The following 
properties of pyrotechnics make them ideal power sources for a \\'ide range of 
applications: 
1. High pressure-to-weight ratio. 
2. Simple ignition circuit requirements. 
3. Low operating cost. 
4. Small size . 
5. High reliability. 
6. Fast rate of energy conversion. 
13 
Systems that. us(\ deflagrating rnaterials as an energy sc>urrc can bP classified 
into five groups: 
1. Cartridge-Actuated or Propellant-Actuated Devices (CAD's or PAD's) 
2. Shaped charges. 
3. Gas Generators. 
4. Squibs. 
5. Special Devices. 
High explosives undergo high-order explosion or detonation. Detonation of 
high explosives usually occurs after an instantaneous transition from deflagration. 
High explosives, when initiated by a suitable stimulus disassociate almost 
instantaneously [6). Detonation is a process by which the exp]osive undergoes 
chemical reaction within a peculiar type of shock wave called a detonation 
wave. The detonation wave acts on its surroundings with brisance, or shatter-
ing effect, before the pressure \vave of the exerted gas can take effect. Detona-
tion is characterized by extremely high pressures, and the detonated reaction 
products tend to flo\\' into the ur1reacted rnaterial. Detonation is usually fol-
lowed by a sharp loud report or bang. A high explosive placed in a contained 
volume would shatter the pressure chamber upon energy release. 
plosives are not used in this work and need no further consideration. 
High ex-
The explosive charge selected for the • engine starter application by 
Powerstart and Tround International uses cubed nitrocellulose as the deflagrating 
propellant. The igniter mix consists of zirconium, fibrous nitrocellulose, and 
potassium perchlorate as the oxidizer. The amount of propellant needed for this 
application is approximately two grains (0. l 30grams, 1. 79x 10·5ounces ). 
14 
Tl1e starter design is C()nsicJer,)d a r.artricJg,l-art.uated cJPvir<) (CAI)). A 
cartridge-actuated device is defined in j7] as: 
A mechanism utilizing pressure supplied by gases evolved on deflagra-
tion of a propellant(fired mechanically or electrically in a special 
cartridge )to accomplish or initiate a mechanical action other than ex-
pelling a projectile. 
The starter is a stroking CAD of the open type. An open stroking device in-
corporates a piston cy )inder arrangement. Open stroking infers that the gases 
are vented from the cylinder after the piston has completed its required stroke. 
The use of an open stroking CAD implies that the engine must be accelerated 
while the starter piston travels through its working stroke. Physical size con-
straints, clutch characteristics, and the amount of pressure generated by the 
propel Ian t determine the actual working stroke. 
would have the shortest possible overall stroke. 
15 
An optimum CAD starter 
Chapter 2 
Description of the Prototype Starter 
This chapter describes the prototype CAD starter that was designed, built, 
and tested. An assembly view of the prototype starter was generated on the 
McDonnell Douglas Unigraphics ]] Computer-Aided-Design software package and 
can be found in Appendix B. A direct CAD starter uses the gas generated upon 
propellant deflagration to start an engine without storing the enrrgy or reducing 
its release rate. The prototype starter is an ·indirect CAD starter that converts 
the chemical explosive energy into kinetic energy of a gea.r rack piston. The 
gear rack piston is connected to the engine input shaft through a gear pinion 
and an overrunning clutch. The kinetic energy of the explosively driven piston 
is absorbed in • a compression spring \vhile the clutch overrides tl1e engine 
crankshaft. As the kinetic energy of the piston is converted into potential 
energy of the spring, the gear rack piston slo,vs down. When the 0-ring end of 
the gear rack piston passes the stroking cylinder vent, the ex pa11ding gas pres-
sure is released, t}1us sharply reducing the i11put force. 1~he potential energy of 
the spring then accelerates the gear rack piston in the reverse direction. The 
clutch engages, and the engine a.ccelerates up to starting speed. In essence, the 
potential energy of the spring is converted into kinetic energy of the engine 
flywheel. While the gear rack piston is returning to its initial position, the gas 
remaining in the stroking cylinder is vented through two holes located in the 
head endcap. 
16 
2.1 Engine Modifications and Mounting Arrangement 
The test engine and the prototype starter assembly plate are independently 
mounted on a rectangular steel baseplate (see Figure 2·1). The CAD starter is 
mounted on the 3 inch wide, 1/2 inch thick, 46 inch long steel assembly plate. 
The assembly plate, as shown in Figure 2-1, is only 24 inches in length. This 
shorter assembly plate was used for an earlier starter design, and was later 
replaced with the 46 inch long assembly plate that was needed for the current 
starter. The engine and the prototype starter assembly plate are fastened to 
the baseplate by threaded fasteners. The baseplate is suspended by four vibra-
tion supports and two viscous dampers. The vibration supports and the viscous 
dampers are rigidly connected to the top surface of the engine test stand. 
Figure 2-1: Engine and starter mounting arrangement. 
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Th(> vibration supports and the> viscous dar11J><~rs are intended t<> at t.<~nuat<, 
engine vibration. The test stand is also equipped with a mounting bracket that 
is used to support the de motor/tachometer (Appendix A). The de 
motor /tachometer measures instantaneous engine crankshaft speed. It is con-
nected to the engine output shaft through a flexible coupling. 
The test engine was purchased with a rewind starting system. The rewind 
starter option was chosen because it uses an overrunning clutch. The CAD 
starter uses this clutch to allow the gear rack piston to return to its initial 
position. The standard sprag type overrunning clutch used on Briggs & Strat-
ton rewind and impulse starting engines also doubles as the flywheel nut. The 
cluch has six roller ramps, six steel balls, and five ratcheting surf aces. Figure 
2-2 shov.·s an exploded view of the sprag type clutch. 
RETAINER 
SEAL COVER 
RATCHET 
- -"I 
{ 
l 
CLUTCH HOUSING 
Figure 2-2: Exploded view of the sprag type clutch. 
The clutch housing is made of cast steel and is extremely simple and rugged in 
design. Backlash in this cluch can be as great as 70 degrees of rotation. 
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However, this very inexJ>ensive clutcl1 was llS(~d for the CAD start.er as every ef-
fort has been made throughout this project to use existing Briggs & Stratton 
parts. 
Two modifications were needed to convert the rewind starter system to the 
CAD starter. The blower housing for the rewind starting engine has a special 
holding fixture attached to it that supports the clutch pulley and the rewind 
rope assembly. A pull rope starter housing does not have this added fixture. 
This is the only difference between the two housings, and they can be inter-
changed. By using a pull rope type blower housing on a rewind starter engine, 
the overrunning clutch is accessible for gear pinion mounting. 
The other modification needed to convert the rewind starter to the CAD 
starter involves the sprag type clutch. The square-sided clutch ratchet shaft, 
which had small ribs on each surface, had to be machined to accept the square 
bore of the steel pinion. 
The explosive starter can be broken down into four parts: 
1. The spring a.nd piston return system. 
2. The gear rack piston and pinion. 
3. The starter cylinder assembly. 
4. The tround holder and ignition system. 
Each of these parts will now be described. 
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2. 2 Tl1~ Pi st.on R.et.11rr1 ai1d S1>ri11g Syst.err1 
Multiple starting implies that the gear rack piston must be returned to its 
initial position after every starting attempt. A piston return is built into the 
present design. Initially, the compression spring is deflected an amount x . 0 
The spring force, k xx 
0
, holds the gear rack piston in its returned position. The 
explosive force compresses the spring, and the engine is accelerated while the 
spring returns toward its equilibrium position. The gear rack piston also moves 
toward its initial position while the engine is accelerated. 
starter is automatically positioned for another starting attempt. 
Thus, the CAD 
The compression spring is a medium duty ground-end die spring with a 
stiffness of 40 lb/in.· The value of spring stiffness required for this application 
\\1as a direct result of experimental analysis and nun1erical modelling. The max-
imum working deflection of this spring is 12.7 cm(5.0in). Other spring charac-
teristics can be found in Appendix A. 
The spring is supported in a cylindrical tube which prevents buckling. 
One spring end is held fixed by a mechanical stop, ,v hile the gear rack piston 
end is free to deflect. The spring and gear rack piston are aligned~-to provide 
axial loading of the spring. The spring is not mechanically connected to the 
gear rack piston. Continuous contact between these mating parts is a result of 
the initial spring force. 
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2.3 Tl1e (;c8r R8ck Piston 811d Pinio11 
Tl1e primary function of the gear rack piston and pinion is to convert 
straight line motion into rotary motion. The force exerted by the CAD results 
in torque applied to the engine crankshaft. The gear rack piston must also seal 
the expanding gases between the combustion chamber and the atmosphere. The 
gear rack and pinion are made of low carbon steel while the piston is made of 
304 stainless steel. This stainless steel, which is relatively easy to machine, was 
selected as the piston material as it will better withstand the corrosive 
byproducts produced by the deflagration process. The piston is machined to al-
low the gear rack to be mounted flush with the piston surface. The gear rack 
is attached to the piston by three hardened steel rollpins. 
An 0-ring groove is rr1achined 0.50 inches from the gear rack piston head 
end. 0-ring sizing and selection was carried out using the procedures described 
in [8]. The 0-ring chosen for this application is made of a fluorocarbon elas-
tomer· which is excellent for this corrosive application {Appendix A). 
The gear rack piston is supported at two points. The l1ead end is sup-
ported by the stroking cylinder, and rolling support at the line of gear contact 
is provided by an open-type linear beari11g (Appendix A). 
The steel pinion was bored out to allow a square-holed sleeve to be press 
fitted into its hub. The steel pinion is mounted on the square-sided clutch 
ratchet shaft. The pinion is not rigidly attached to the ratchet shaft. By al-
lowing the pinion to slide on the ratchet shaft, the gearing system is made self-
aligning. The pinion tooth edges were rounded by handfiling ~~-- ensure smooth 
engagement with the rack. ;~·he gearing system has a face width of 0.5 inch, a 
pressure angle of 20 degrees, and a diametral pitch of 20 (Appendix A). Gear 
.. 
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material properties and other related information can be found in (9]. T he st el 
pinion and clutch ratchet shaft are shown in Figure 2-3 . 
. 
' ,_ 
~-
.(. 
... 
:.. 
Figure 2-3: Steel pinion and clutch ratchet shaft. 
2.4 The Starter Cylinder Assembly 
The starter cylinder assembly is made up of two endcaps and a stroking 
cylinder. Detailed drawings of these parts can be found in Appendix B. The 
stroking cylinder is clamped between a rod or piston endcap and a head endcap. 
These two endcaps are attached to the assembly plate by threaded fasteners. 
The head endcap is machined from a rectangular steel block. The exterior end 
of the head endcap is drilled and threaded to allow mounting of the tround 
holding fixture. The interior end of the head endcap is machined to create an 
initial volume chamber of 9.85 cc(0.601in3). The propellant reacts · in this 
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volurne prior i<> gear rack piston displacen1ent. The srnaller the initial vcllurrie 
charr1ber, the higher the maximum pressure that can be generated. The head 
endcap is also equipped with a unique vent system that allows the remaining 
gas in the stroking cylinder to be vented during gear rack piston return. This 
unique vent system consists of two 0.125 inch diameter holes drilled at a 60 de-
gree angle into the initial volume chamber axis (see detailed drawing, Appendix 
B). The two holes are threaded to allow insertion of socket head cap screws. 
Two cap screws were drilled longitudinally through their central axis with a 
small diameter hole. These cap screws can be removed to increase the venting 
area, or they can be replaced with standard cap screws. This prov ides some 
flexibility in the effective vent area. By drilling the head endcap vent holes at 
an angle, most of the generated gas pressure causes direct motion of the gear 
rack piston. When the gear rack piston changes direction, the gas is pushed 
out through the two vent holes. 
The piston end cap is machined from 1 /2 inch thick plate steel. Both 
endcaps have a longitudinal hole drilled through each corner. Four lengths of 
threaded rod are fitted into these holes. The clamping force needed to align 
and hold the stroking cylinder between the endcaps is provided by tightening 
nuts located on the threaded rod ends. 
The stroking cylinder \\'as rr1achined from a section of 304 stainless steel 
thick-wa]led tubing. Stainless steel was chosen to reduce the detrimental effects 
of corrosion on the cylinder walls. Piston displacement must be limited to the 
maximum spring deflection. This is accomplished by inserting a vent in the 
stroking cylinder. The vent is a 0.186 inch diameter hole drilled through the 
cylinder wall 5.25 inches from the head end. This vent acts to restrict the pis-
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t.on displarcrr1Pnt by venting off rr1<>st. of th<l exJ>anding gas after th<· g<~ar rack 
piston passes by it. 
2.5 Tl1e Tround/Tround Holder and lg11ition System 
Deflagr~~ion of the propellant must be initiated by heat or spark. The in-
itiator type depends on the explosive as welJ as the application. A spark 
generating piezo-electric initiator was used in this application. Alternate in-
itiators would include hot wire, capacitor discharge, and battery types. 
The tround electrical system consists of two copper contact wires in bedded 
in the injection molded cartridge. Within the cartridge, these wires are 
separated by a small gap. When a voltage difference occurs across this gap, a 
spark completes the circuit. Externally, the copper wires are trimmed flush 
with t}1e tround outer surface. The ends of these copper wires serve as the con-
tact pins. One contact pin is located in the center of the ignition end of the 
tround. The other contact pin is located in the side of the cartridge 0.063 inch 
from the trc>und ignition end. The tround cartridge is firmly seated in the 
tround holder during the ignition and dcflagration processes. The tround holder 
is made of steel, and it has one contact wire that is insulated from the holder 
housing. This insulated wire makes contact with the pin located at the center 
of the tround. The contact pin located on the side of the tround is the electri-
cal ground. This contact pin is grounded through the housing of the tround 
~ 
' 
holder. The complete ignition system is shown in Figure 2-4. 
The piezo-electric initiator relies on a unique material characteristic. Cer-
tain materials generate an electrical potential when subjected to mechanical 
strain. Typical materials that behave in this manner are barium titanate and 
Rochelle salt (potassium sodium tartarate). A spark is generated simply by 
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puslaing a button with ~hfl thu1nl> and for<!fing<'r. ThP resulting compressic>n <>f 
the piezo-electric material develops a large voltagP potential. 
quired to actuate this initiator is approximately 22 N(5lbs). 
r piezo-electric • • • 1n1t1 ator 
-
TROCN D_/ 
I F 
+ 
8 
I 
-
ground 
Figure 2-4: The starter ig11ition system . 
. ,· 
25 
The force, F , re-
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Chapter 3 
Experimental Analysis 
This chapter describes the experimental analysis that was conducted to ob-
tain various system parameters needed in the analytical and numerical analyses. 
Before the CAD starter could be designed, the work required to accelerate the 
test engine up to starting speed had to be determined. The energy contained in 
the tround cartridge was measured to see if sufficient energy was available for 
engine starting. After determining that sufficient energy was available, the time 
variation of the explosive input force was characterized. This chapter also dis-
cusses several starting methods that were studied to measure the work input to 
the engine, and also to see how different acceleration rates effect engine starting. 
3 .1 T1·ou11d Prcssure-Ti1ne Testing 
The explosive input force is a direct result of the gas pressure generated 
by the deflagrating propellant. Severa] parameters are needed for characteriza-
tion of the generated gas pressure. These parameters include: rise time., lag 
time between ignition and deflagration, maximun1 pressure, and the maximum 
energy available. This information can be obtained from a pressure-time curve 
of the deflagrating propellant. 
The standard method of obtaining a pressure-time curve is to release the 
explosive energy in a closed, adiabatic charnber called a calorimetric bomb. The 
energy released by the deflagrating propellant will do a small amount of exter-
nal work by causing the chamber to expand. A small amount of energy will be 
lost to the surroundings in the form of heat. However, most of the energy 
generated by the propelJant goes into raising the temperature and pressure in-
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side th<' closed bomb. If an analysis of the propellant was the major concern, 
all these forms of energy should be taken into account. The present pressure-
time testing is concerned only with the approximate energy available for doing 
mechanical work. Thus, pressure rise is the major concern. 
Pressure-time curves for three cylindrically shaped volumes were obtained. 
The chamber volumes used were 25.7 cc(l.57in3), 58.0 cc(3.54in3), and 116 
cc(7.07in3). These chambers are simplifications of the sophisticated adiabatic, 
calorimetric bombs. The chambers are piping nipples fitted with endcaps to 
seal the closed volume. Pressure-time curves from these closed volume chambers 
aided in selecting the initial volume chamber of the CAD starter. Pressure-time 
curves were then taken from the 9.85 cc(0.60lin3) CAD starter initial volume 
chamber. The chamber volume was kept constant by restricting piston move-
ment. The configuration of this pressure-time test is called a lock shut test. 
In an explosive engine starter, this test would simulate the conditions of max-
imum chamber pressure. By obtaining pressure-time curves for the actual CAD 
starter initial volume chamber, precise explosive force characterization is pos-
sible. 
The pressure transducer and the tround holding fixture were mounted at 
opposite ends of the test chamber. The pressure transducer is a millivolt-output 
type, full-bridge resistance instrument (Appendix A). The transducer senses the 
increase in pressure that is generated by the deflagrating propellant, and the 
output voltage, which is proportional to pressure rise, is transmitted to a 
Textronix digital oscilloscope. It is important to note that for accurate 
dynamic pressure measurement in a cylindrical tube, the pressure source and 
receiver must be located at opposite ends of the chamber. A node, charac-
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terized by a point of zero gas mot.ion, will or.cur at. the blc>cked end. Maxirnurn 
pressure variation takes place at this location. 
Results of these tests are shown in Table 3-1. 
Lag time, x (mS) 
Lag time, s (mS) 
Rise time,x (mS) 
Rise time, s (mS) 
Max. Pressure, f 
MPa(psi) 
Max. Pressure, s 
MPa(psi) 
Closed Volume Size 
9.86cc 26.7cc 68.0cc 
(0.601in3 ) (1.67in3 ) (3.64in3 ) 
6.3 
2.2 
2.1 
3.3 
6.7 
6.7 
1.6 
8.6 
4. 9. 
6.3 
1.2 
116cc 
(7.07in3 ) 
Q.3 
Q.2 
4.7 
1.3 
6.68(80Q) O.Q16(133) 0.486(70) 0.293(42.6) 
0.072(10.6) 0.297(43) 0.171(26) 0.141(20.4) 
xis the arithmatic mean(average) 
sis the standard deviation. 
Table 3-1: Results of pressure-time testing. 
Figures 3-1 through 3-4 sl1ow typical pressure-time curves for the various 
chamber volumes. All these plots are for a nitrocellulose propellant charge of 
2.4 grains. As these figures indicate, the pressure rapidly rises, and then slowly 
decays. The slight decay is a result of chamber leakage as well as the gas tem-
perature returning to ambient conditions. The lag time between igniter actua-
tion and pressure rise is very short, less than 0.01 seconds, and has no effect on 
the CAD starter performance. Appendix C shows the pressure-time data for the 
various cham her sizes. 
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Figure 3-1: Pressure-time curves: 25.7 cc(l.57in3 ) chamber. 
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Figure 3-2: Pressure-ti1ne curves: 58.0 cc(3.54in3) chamber. 
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Figure 3-3: Pressure-time curves: 116 cc(7.07in3 ) chamber. 
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Figure 3-4: Pressure-ti1ne curves: 9.85 cc(0.60lin3 ) cha111ber. 
30 
3.2 Det.crminatio11 of Test E11gi11~ l11ertia 
The numerical analysis used to simulate the dynamics of the engine and 
CAD starter requires that the engine inertia be known. The approximate rotary 
inertia, J , was experimentally determined by rotating the engine crankshaft 
eng 
with a failing weight, W. By knowing the time it takes a given weight to fall 
through a known distance, the approxif!late engine inertia can be calculated. 
Figure 3-5 shows the weight attached to the engine crankshaft by a \\'ire cable 
and pulley. 
weight. \\~ 
d 
I 
I 
I 
I 
I 
I 
r-.._-., 
I I 
I I 
I I 
I ' 
engine crankshaft 
Figure 3-5: Tl1e falling weight test setup. 
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Two different weights Wf'T<' used t,, corriJ>ar<· th<> experirnenta)ly dctcrrnincd 
engine inertia. Th<' weights used were 9.07 kg(201b) and 13.6 kg(30lb). 
Gravity is the input force whic~ acts to accelerate the system. The engine 
sparkplug was removed to eliminate the gas compressive force from this analysis. 
The initial engine crankshaft position was top-dead-center (TDC) entering th<~ 
intake stroke. The falling weight test was repeated ten times to study the 
repeatability of the test. 
Free body diagrams (FBD's) of the falling weight and the • engine 
crankshaft are shown in Figure 3-6. 
T T 
I 
. ' 
W=mg 
Figure 3-6: FBD's of tl1e falling weight a11d e11gine cranksl1aft. 
By applying a force balance on the falling weight, 
T= m(g-a). (3.1) 
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Hy summing the morrient.s abc>ut tl1e engine crankshaft, 
~ M == J a== T• r. 
eng 
Sustituting T from equation (3.1) into this equ,ation yields; 
J 
mr(g-a) 
eng Q 
Assuming a constant acceleration input; 
2d 
a==-
2' t 
and using a == o • r yields; 
mr2(g-a) 
J -----
eng a ' 
Results for the inertia testing are shown in Table 3-2. 
10 trial 
average: 
Peaktime, (s) 
Maximum speed, (RPM) 
Falling weight 
Q.07 kg(20lb) 
0.6Q 
298 
13.6 kg(30lb) 
0.48 
Acceleration, a, m/s2 (in/s2 ) 1.62(63.Q) 
386 
2.69(102) 
Rotary Inertia, J eng 
kg-cm2 (in-lb-s2 ) 
72.0(0.386) 96.1(0.318) 
Table 3-2: Results of inertia testing. 
(3.2) 
(3.3) 
A de motor /tachometer was used to measure the instantaneous engine 
crankshaft speed. The de motor calibration procedure and results can be found 
in Appen.dix D. 
Figures 3-7 and 3-8 show several speed-time curves for a falling weight dis-
tance of 0.2858 m(l l .25in ). The engine is accelerated until the cable disengages 
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from the. st.art.er pull<'Y at. t.l1c J)<>int. of n1axir11urr1 engin<' sr>e('d (pc>in1. A in 
Figure 3-7). These speed-tirne curves shov.· that the constant acceleration as-
sumption made earlier is valid, and they also sho\\' that the inertia test is very 
repeatable. Appendix E contains the inertia test data. 
Speed(RPM) 
300 
0.6 1.0 TIME(s) 
Figure 3-7: Inertia test: speed-ti111e plot 9.07 kg(20lb) weight. 
The purpose of this section is to investigate the speed-time characteristics 
of handstarting the test engine v.,ith a mechanical pull rope starter. The tran-
sient response of the test engine to the pull rope input force is quite complex. 
The pull rope starter input force is not a constant velocity or a constant ac-
celeration input. In fact, the input force varies from user to user. In addition, 
the internal engine friction, the compressive gas force, and the opening and clos-
; 
ing of the engine valves are difficult phenomena to model. 
The initial crankshaft position governs the work required to accelerate the 
• engine. To simplify preliminary experimental testing, engine starting was 
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Figure 3-8: Inertia test: speed-time plot 13.6 kg(30lb) weight. 
lirnited to one crankshaft J><>sition. The TDC intake crankshaft position ,vas 
chosen for preliminary testing as this is the easiest starting initial crankshaft 
• • position. 
The engine sparkplug \\'as grounded to prevent the engine from firing. 
Thus, the speed-time response of the engine depended soley on the input force. 
The starter pull rope wrap used for all the handstarting tests \\'as kept at 
a constant length of 0.356 m( 14in). This corresponded to an angular displace-
ment of two revolutions of the engine crankshaft. 
Figure 3-9 shows a typical speed-time plot for pull rope starting the test 
engine. The plot shows the engine being accelerated through the intake stroke. 
The engine is then decelerated to the end of the compression stroke which is 
labeled as point B in Figure 3-9. 
Ten pull rope engine starting trials were conducted to measure the 
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Figure 3-9: Speed-ti111e plot: pull rope starting. 
repeatability of the test. The average engine SJ>eed at the end of the con1pres-
sion stroke was 420 RPM with a standard deviation of 26 RPM. 
This is ,vell above the 300 RPM st.arting speed r~ciuirement set forth by 
Briggs & Stratton. The average time required to bring the engine up to max-
imum speed ,vas 0.28 seconds ,vith negligible time deviation. See Appendix E 
for the pull rope starting speed-time data. 
Assuming linear acceleration through the intake stroke yields an equivalent 
linear acceleration of 7.03 m/s2(277in/s2). By comparing the speed-time plots 
for the inertia tests and the pull rope tests, the linear acceleration assumption 
made }1ere is not as accurate. However, this assumption gives an approximation 
of the engine acceleration that allows a rough comparison between the two 
l' 
tests. Assuming an average pulling force of 200 N ( 451b) and using; 
Work Force x Distance 57.2 N-m(506in-lb) to pull start the engine. 
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3.4 DropJled W ~igl1t E11gine Starting 
This section develops the idea of starting the test engine by the f<>rce of 
gravity acting on a falling weight. The weight falls through a distance of 0.285 
m ( 11. 25i n) before the cable disengages from the starter pulley. The same test 
configuratio11 as that used for the engine inertia testing was used. Again, the 
initial crankshaft position was TDC entering the intake stroke. A 13.6 kg(30lb) 
weight was used for this test to allow direct comparison to the 13.6 kg(30lb) 
inertia test results. The major difference between this test and the inertia test 
was that the engine was allowed to start. The sparkplug was in place, thus 
adding the engine cylinder gas compression force to the system resistance. 
The engine was "warmed up" prior to the falling weight tests. A warmed 
up engine infers that the engine was previously run for at least three minutes. 
A warmed up engine will start easier than a cold engine. The engine oil is 
\\'arm (lower viscosity), and the engine bearings and the cylinder walls are 
freshly coated with oil. The fuel line to the carburetor is primed which implies 
that an air-fuel mixture is ready to enter the engine cylinder. Figure 3-10 
shows a typical dropped weight speed-time plot. Ten starting attempts were 
unsuccessful at starting the engine. The average speed at the end of the com-
pression stroke was 143 RPM witl1 aOstandard deviation of 34 RPM. The 
average time required to bring the engine up to maximum speed was 0.49 
seconds with a standard deviation of 0.01 seconds. The speed-time data for the 
dropped weight engine starting tests can be found in Appendix E. 
Assuming linear acceleration through the intake stroke yields an equivalent 
linear acceleration of 1.99 m/s2(78.4in/s2) as compared to 2.59m/2(102in/s2) for 
the inertia test. This difference in acceleration is a result of the gas comp res-
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100 
o.& TIME(s) 
Fig11re 3-10: Speed-time plot: falling weight input. 
sion force that is inc]uded in the falling v.1eight case. Again, the constant ac-
celeration assumption is not very accurate for the falling weight tests, but this 
assumption does allo\\' rough comparisons to be made. 
Further refinement of the dropped weight test was conducted to see if the 
engine could be started with a 13.7 kg(30lb) weight. The rope wrap distance 
\\'as increased to 0.5207 rn(20.5in). The engine did not start after four starting 
attempts. However, the engine started three consecutive times for a rope wrap 
of 0.6858 m(27in). Figure 3-11 sho\vs the speed-time plot of successful engine 
starting. As this plot indicates, the engine did not fire until it passed through 
the compression stroke the second time. This implies that engine starting the 
first pass through the compression stroke requires an equivalent linear accelera-
tion higher than that found above for dropped weight engine starting. 
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Figure 3-11: Speed-ti111e plot: falli11g weight input; 27 inch rope wrap. 
3. 5 Co1111>ressio11 S1)ri11g E11gi11e Starting 
The indirect CAD starter relies on the energy stored in the cornpression 
SJ)ring to st.art the engine. Tl1e CAD st,1rtcr can be designed by first analyzing 
engine starting \\·ith the potential energy of the compression spring as the 
energy source. After the compression spring has been designed that consistently 
starts the engine, the CAD can be modified such that it will supply ample 
energy to compress the spring the required deflection. This method of analysis 
assumes that the explosive energy release, spring deflection, and the reverse mo-
tion of the gear rack piston, engine acceleration, are independent events. This 
assumption is accurate provided the gas developed upon dcflagration is efficiently 
vented from the stroking cylinder while the gear rack piston is returning to its 
initial position. 
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'J'h<· sr>riug compressi<>n tests w<~r<· c<>nducted fc>r the Tl)(~ intak<· initia) 
cranksl1aft position, and the erigine was warmed up prior to each test. The 
gear rack piston and the starter clutch were positioned to ensure instant engage-
ment with the engine crankshaft. The test procedure was to manually deflect 
the compression spring 12.7 cm(5.0in). The potential energy of the spring was 
then released, and the speed-time response of the engine was recorded. By 
knowing the spring deflection, x, and the spring rate, k, the work input to the 
engine can be calculated from, 
W= 1:r.kxdx. (3.4) 
:z:o 
The pinion size also governs the speed-tirnc resJ)Onse of the engine. The pinion 
converts the spring force into an input torque that is applied to the engine 
crankshaft. The pinion diameter determines the torque that can be applied to 
the crankshaft for a given spring force. A smaller pinion will apply less torque 
than a larger one. l>ut a smaller pinion will input the spring energy over a 
larger angular displacement. By considering x==r • o:, the linear acceleration that 
is required of the gear rack piston to the start the e11gine is also reduced as the 
pinion diameter decreases. 
Three different pinion sizes were studied. Preliminary tests were done for 
a three inch diameter pinion and a compression spring with 103 lb/in stiffness. 
This spring was chosen because it could store the maximum energy generated by 
the CAD with less than five inches of deflection. The work input over 0.531 
revolutions of the engine crankshaft for a spring deflection of five inches was 
146 N-m(l290 in-lb). The engine did not fire upon tl1e release of the spring 
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potent.ial energy. The speed at. the end of the compression stroke was only 175 
\ RPM. The gear rack piston was driven past the pinion without transferring 
sufficient energy to the engine. This result was due to the large initial torque 
on the engine crankshaft and the dynamic characteristics of the overrunning 
c]utch. The initial force on the pinion was, 
F 2.34 kN(525.31b). 
! 
This gives • a maximum torque applied to the engine crankshaft of 87 .4 N-
m(773in-lb). Tests were run with the same spring and a two inch diameter 
• • Similar system behavior was observed. It was then found that the en-p1n1on. 
gine could be started by manually pulling the gear rack piston through a linear 
distance of 15.2 cm(6in) (0.95 revolutions) with the two inch diameter pinion. 
The speed-time curve obtained for manually pulling the gear rack piston is 
shown in Figure 3-12. 
This plot sho\vs that the time to the end of the compression stroke was 
0.31 seconds. The initial manual pulling force \\'as less than 200 N ( 451b ). The 
maximum torque transmitted to the engine crankshaft was 5.09 N-m( 45in-lb ). 
Thus, the optimal spring design, using the Briggs & Stratton overrunning 
clutch, requires reducing the peak crankshaft torque by reducing the initial 
spring force. The compression spring force must be applied over the largest 
possible angular displacement. This infers a low spring rate and a large spring 
deflection. 
The compression spring was then designed using results from the numerical 
simu]ation and the pull rope starting tests. A compression spring with an out-
side diameter of 1.0 inch, a spring rate of 40 lb/in, and a working deflection of 
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Figure 3-12: Ma11ual gear rack starting: 6 inch i11put length. 
5.0 inches \\'as chosen. This spring cou]d release 56.5 N-m(500in-Jb) of energy 
\\'hich should br a<lequatr for enginr s1 arting. 
The torque was also reduced by using the smallest possible pinion. The 
three inch dian1eter pinion, which applies a large initial torque to the engine 
crankshaft, \\'as not f urthcr considered. It could only input the spring potential 
energy over an angular displacement of 0.531 revolutions for the maximum 
working stroke of 12.7 cn1(5.0in). 
Further testing v.·as done with a two inch and a 1-1/2 inch diameter 
• • The two inch diameter pinion \\'as tested v.1ith a 40 lb/in rate compres-p1n1on. 
sion spring which was deflected 12.7 cm(5in). Upon energy release, the engine 
started six out of ten times. The average speed at the end of the compression 
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stroke was 548 llPM with a standard deviati<>n <>f 2() l{JlM. Th<~ averag<) tirru) 
to maximum engine speed was 0.13 seconds with a standard deviation of 0.02 
seconds. Assuming linear acceleration through the intake stroke yields an equiv-
alent linear acceleration of 15.0 m/s2(592 in/sec2). The 1-1/2 inch diameter 
pinion was then used under the same conditions. The engine started ten con-
secutive times. The average speed at the end of the compression stroke was 
506 RPM with a standard deviation of 56 RPM. The average time to max-
imum engine speed was 0.11 seconds with a standard deviation of 0.02 seconds. 
Assuming linear acceleration through tl1e intake stroke yields an equivalent 
linear acceleration of 12.1 m/s2(478.3 in/sec2). The data taken from the com-
pression spring tests are listed in Appendix E. 
3.6 CAD E11gi11e Starti11g 
This section discusses the prototype CAD engine starting tests. The CAD 
starter was tested by releasing the explosive energy with the piezo-e]ectric ig-
niter. Preliminary tests were done with a 2.4 grain nitrocellulose propellant 
charge. The gear rack piston \Vas driven out of the stroking cylinder due to 
excessive explosive energy. A reduced charge of 2.0 grains of propellant was 
used in all subsequent CAD engine starting tests as this cha.rge gave the re-
quired gear rack piston displacement. 
The 1-1/2 inch diameter pinion was used with the 40 lb/in rate compres-
sion spring. The compression spring deflection and the speed-time response of 
the engine were recorded. The main purpose of the test \\'as to measure the 
spring deflection resulting from the· released explosive energy. Using the results 
from section 3.5, if the spring deflection was greater than five inches, the engine 
should start. By allowing the engine to start, the spring deflection could be 
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recorded, and the entire CAI) starter perforn1anc<' cc>uld be analyzed. Spring 
I 
corr1pression occurred in approximately 18 milliseconds, and it was difficult to 
visually measure the spring deflection. Gear rack piston displacement, which is 
equivalent to spring deflection, was measured by holding a marker against th~ 
gear rack piston at the point of gear tooth engagement while the explosive 
energy was released. By knowing the spring deflection, the work done by the 
explosive energy can be determined and compared to the theoretical work cal-
culation that assumes an adiabatic gas expansion process. 
Ten starting trials were conducted, and tl1e engine started four out of ten 
times. The explosive force compressed the spring an average of 13 cm(5. lin) for 
the ten tests. Using equation (3.4 ), the average potential energy stored in the 
compression spring was 56.5 N-m{500in-lb). Thus, the explosive force ade-
quately compressed the spring for successful engine starting. The low engine 
starting success rate was the result of the gear rack piston disengaging from the 
• • This disengagement was not due to the dynamic spring loading. It was p1n1on. 
a result of wear in the linear bearing as well as slight misa]ignrnent between the 
gear rack piston and pinion. Test data for the CAD starter can be found in 
Appendix E. 
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Chapter 4 
Theoretical Analysis 
4.1 Tround Energy /Force Calculations 
The tround energy will be determined using results frorr1 the pressure-time 
tests for the CAD initial volume chamber. The following analysis assumes that 
the piston displacement, x, occurs as a result of an adiabatic gas expansion 
process. The average maximum pressure generated for the eight trounds tested 
in the CAD initial volume chamber was 5.58I\1Pa(809psi). Assuming an 
adiabatic gas expansion process; 
Pv 1·4 == C. (4.1) 
The n-iaximum pressure, state 1 ~ occurred a.t tl1e ir1itial gear rack piston posi-
tion, x = 0. The maximum piston extension position, x == 13.3 cm(5.25in), is 
denoted as state 2. Denoting the pressure in absolute terms; 
P1 == 5.68 MPa(824psi). 
v 1 == 9.84 cc(0.60lin 3). 
P 1 v1
1
·
4 
== C = 139.5(404). 
The volume at state 2 is the sum of the initial chamber volume and the 
stroking cylinder volume. Using the piston cross-sectional area, 
cm2(0.866in 2) and a stroking ]ength of 13.3 cm(5.25in)gives; 
v2 == 84.3 cc(5.15in3). 
A . == 5.60 pis 
Equation {4.1) is solved for P, and substituted into the fo]]owing equation 
which gives the work done in expanding the gas from v 1 to v 2• 
(4.2) 
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Ev al11ation of tl1is integral gives 80. 7 N-rr1(7 I 4 in-lb) as the explosive 
energy available for engine starting. 
The maximum energy generated by the the CAD can be calculated by let-
ting P 2 = 0.101 MPa{l4.7psi) {ambient conditions) and solving equation (4.1) 
at state 2 for v 2• Using v 2 as the upper limit in equation ( 4.2) gives the max-
irr1um work as 95.6 N-rn{ 8'16.2in-lb). The difference between the maximum work 
and the available work is Jost as the expanding gas escapes through the stroking 
cylinder vent hole. 
The pressure variation as a function of piston displacement can also be 
determined from equation ( 4.1 ). This equation, which assumes an adiabatic gas 
expansion, is quite accurate for the very rapid piston extension. 
Denoting v = v1 + A .. x, and substituting into equation (4.1) yields after pis 
rearrangrnent; 
404 
P( x ) == - 14 . 7 . 
( 0. 60 l + A . x) I. 4 
pt~ 
Relating force to pressure by, P(x) 
as a function of piston displacement is,_ 
[ 
404 ] F( x) == - - 14. 7 A . . 
(0.601 + A . x) 1 ·4 pi~ pt~ 
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(4.3) 
F ( x) / A pis; the explosive input force 
(4.4) 
4. 2 Gear Rack Pist.011 a11d Pi11i<>11 Str<·ss A11Hlysis 
A stress analysis will be conducted for the gear rack piston and the 1-1 /2 
inch diameter pinion. The gear rack piston and pinion experience two different 
loadings. The first loading, gear rack piston extension, is a result of the rapid 
explosive input force. The clutch overrides the engine crankshaft during this 
loading. By summing moments about the engine crankshaft, the tangential gear 
force, Ft' is found to be, 
J. Q pin }., == --
t r 
(4.5) 
where J . , the pinion rotary inertia is 3.47 x 10-4 in-lb-s2, o, the angular 
pin 
acceleration of the pinion, is taken from the numerical simulation, and is 
107,400 rad/s2• The pinion radius, r is 0.75 inch. Substituting these values 
into equation ( 4.5) gives the tangential gear force as 49. 7 lb. 
The gear force analysis is conducted using the procedure outlined in 
Spotts [IO]. The analysis makes the following assumptions: 
gear. 
I. The gear tooth is a cantilever beam, and bending is the failure mode. 
2. The full load is applied to one gear tooth at its tip. 
3. F radial is negligi hie { a conservative a.ssu mption). 
4. The load is uniformly distributed across the full face width of the 
5. Forces due to tooth sliding friction are negligible. 
6. Stress concentration in the tooth fillet is negligible. 
Following Spotts' gear tooth analysis, page 441: 
47 
(4.6) 
where: Ft, is thP rnaxir11urr1 fc>rce a g<~ar t,c)<>th can withstancl '":itJ1c>ut. l>end-
ing failure. 
u, the allowable bending stress, is 20,000 psi for the steel gearing system 
(Table 10.2 Spotts). 
b is the tooth width = 0.5 inch. 
y is the Lewis factor, taken from Spotts (Table 10.1); y==0.114. 
p is the circular pitch == 1r/diametrial pitch; p==0.157. 
Substituting these values into equation ( 4.6) gives the maximum force a 
tooth can withstand before bending failure as 179 lb. 
' '· 
The tangential gear force is much lower than the maximum allowable gear 
force, and tooth bending is not a concern for gear rack piston extension. 
The second loading occurs during the engine acceleration phase of motion. 
The overrunning clutch has engaged, and the engine inertia must now be con-
sidered. Summing the moments about the engine crankshaft, the tangential gear 
force, Ft, depends on the spring force, the pinion inertia, and the engine inertia. 
The previous method of analysis ran be applied. The pinion inertia and the ex-
perimental engine inertia are added to give 0.385 in-lb-s2• The engine angular 
acceleration is again taken from the numerical model and is 401.9 rad/s2. 
Using these values and substituting into equation { 4.5 ), Ft is 206 lb. If the 
theoretical inertia value is used in the calculation, the tangential gear force, Ft' 
is 155 lb which is lower than the maximum gear force. Although the ex-
perimental inertia value produces a tangential force that exceeds the maximum 
allowable bending force, bending failure is not a major concern as the calcula-
tion gives a conservative estimate of t}1e tangential gear force. The actual en-
gine inertia is also somewhat less than the experimental value. 
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4.3 E11gin<' lr1crtia /Dyna111ics A1111lysis 
Tl1e engine inertia and gas con1pressive force must be known to conduct 
an accurate numerical simulation. A theoretical dynamics analysis of the single 
cylinder engine is quite complex. The engine inertia and gas compressive force 
vary with crank angle. Shigley [11] presents a detailed single cylinder engine 
dynamics analysis by separating the gas force and the inertia force. His 
analysis assumes that the engine angular speed and angular acceleration are 
known. The results are further simplified for the case of the engine running at 
constant angular velocity. The current problem involves the transient behavior 
of the engine, where the angular velocity and angular acceleration are not 
known. The theoretical approach used in this work was to determine the in-
ertia of the various engine components. These separate inertia terms were then 
added to give a theoretical value of the engine rotary inertia. 
The following terms resist engine acceleration: 
1. Rotary inertia of the engine flywheel. 
2. Rotary inertia of the added flywheel. 
3. Rotary inertia of the engine piston, connecting rod, and crankshaft. 
4. Opening and closing of the engine valves. 
5. Friction at the engine bearings and piston rings. 
6. Gas compression force. 
The rotary inertia of the engine flywheel and the added flywheel were 
found by assuming they are thin disks (J==I/2 mr2). 
The combined rotary inertia of the flywheels, J0 Y == 0.1014 in-lb-s2• 
The mass of the engine piston is small as compared to that of the 
crankshaft and camshaft and was not considered in the inertia calculations. 
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Th<, inertia of the crankshaft, and carnshaft wer<1 found to have a combined 
rotary inertia of 0.0033 in-lb-s2• The combined rotary inertia of the engine 
parts is 0.104 7 in-lb-s2• 
The internal engine friction and the opening and closing of the engine 
valves were not considered in this analysis. These effects are quite small as can 
be seen by recalling the discussion of the engine inertia speed-time plots. These 
plots showed the acceleration phase of motion to be quite linear. If the opening 
and closing of the engine valves greatly influenced the engine dynamic response, 
their effects could clearly be seen in these plots. 
The gas compressive force is found as a function of the engine piston posi-
tion by assuming an adiabatic gas compression process. The compressive force, 
F(y), is equal to P • A, where P is the pressure resulting from the adiabatic 
compression, and A is the engine piston area. Using the engine bore of 2.375 
inches gives the piston area of 4.430 in 2. The pressure is found by noting that 
the compressive force is zero at the BOC compression stroke crankshaft position. 
State 1 is taken as the BOC crankshaft position, and state 2 is taken as the 
TDC power stroke crankshaft position. Using the compression ratio of 6: 1 and 
the engine displacement of 7.75 inches gives v1== 9.3 in3 and v2 ==1.55 in
3
• 
Denoting y == 0 as the BOC piston position, the combustion chamber volume 
can be written as, 
V == 9.3 - 4.43Qy. 
Equation ( 4.1) is solved for C at state l by assuming ambient conditions. 
Equation ( 4.1) is then solved for P using the previous expression for the cham-
ber volume, v. Force is related to pressure to give the following result in terms 
of the engine piston position, y, 
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1477.3 
f,(y) - ·- 65.)03. 
(9.30-4.43y) 1·4 
The coordinate y can be found as a function of engine crankangle. Figure 
4-1 shows the engine geometry. 
F(y) 
y 
J_ 
l 
T 
comp 
Figure 4-1: E11gi11e geo111etry sl1owi11g gas pressure force, F(y ). 
From Figure 4-1, 
y = rcos O+lcos </,-2.2190 {4.7) 
where r is tl1e crank length and ) is the connecting rod length. Follo\\'ing a 
result presented by Shigley [11 ], the torque applied to the engine crankshaft, 
T · , is given by; 
comp 
T = F(y) tan~ y1, where y1 comp Y' y + 2.2190. 
Substituting for y 1 yields; 
Tcomp= F(y) tan<f,(rcosO + )cos(/,]. 
The expressions given in terms of the connecting rod angle, t/,, can be 
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rewritten in tcrrns of the cran kanglc, () by; 
( r / l)sin () 
tan </> == ------
J 1. - I ( r / l)sin 8] 2 
and, 
cos</>== v't.-[(r/l)s~n 0] 2 
These expressions are used in a subroutine in the numerical simulation program 
to calculate the gas pressure force as a function of crankangle, 0. 
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Chapter 5 
N umerica.l Analysis 
Preliminary design of the CAD starter was done by numerically simulating 
the CAD starter and the engine dynamic response to the explosive input force. 
The numerical modelling approach easily handled the nonlinear input force as 
well as the nonlinear engine gas compressive force. The numerical model, which 
,vas programmed in FORTRAN, simulated the CAD starter and the engine for 
one crankshaft revolution starting at the TDC intake initial position ( through 
the compression stroke). The gas compressive force enters the simulation only 
during the compression stroke. By monitoring the engine crankshaft angular 
position throughout the simulation, any initial crankshaft position can easily be 
studied with slight program rnodification. N ur11erical analysis allowed studying 
the dynamic response to various model parameters without modifying the actual 
system. The simulation was run for the theoretical and the experimental inertia 
values with several different spring stiffnesses. 
'fhe procedure \Vas to m<>nitor the position, velocity, and acceleration of 
the gear rack piston and the engine tliroughout their motion. The gear rack 
piston maximum extension, the maximum speed, and the speed at the end of 
the compression stroke were recorded. The relative times that these events oc-
curred were also recorded. 
The equations of inotion for the CAD starter and engine depend on the 
gear rack piston position and its direction of motion. Clutch backlash can be 
as great as 70 degrees of crankshaft rotation. The nur11erical model was run by 
assuming 20 degrees of ·clutch backlash for the explosive input case. The model 
was then modified by assuming that the rr1aximum gear rack piston displace-
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1nent resulting fr<JJTl the exJ>l<Jsiv<' input fore<' was 12.7 crn(5.0in). 
Once the equations of rnotion are determined and cor1verted to state vari-
able form, they are solved by using a fourth order Runge Kutta numerical 
scheme. Accuracy of the numerical solution is checked by halving the solution 
mesh and comparing the corresponding grid point solutions. 
5.1 Developinent of the Model 
The first phase of motion, gear rack piston extension, uses the gear rack 
piston displacement and the gear rack piston velocity as the state variables. 
The free body diagram {FBD) of the gear rack piston is shown in Figure 5-1. 
F -
- com p 
- F -
eng 
F(x) - -- - -
-- s 
F' 
- +x 
-
Figure 5-1: FBD's of gear rack piston a11d e11gine crankshaft. 
Looking at the gear rack piston force balance, 
~ F== ma== mx; gives, 
M x == F(x) - F . eq s 
Where M contains the mass of the gear rack piston and the equivalent 
eq 
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ma,ss c>f tht· pini<>n and cornpressi<>ll SJ>ring. 
M m . + J . /r2 + l /3m.,. 
eq pis pin c 
M 0.0097 lb-s2 /in. 
eq 
The explosive input force, F(x), which is known as a function of gear rack 
piston displacement, enters the mode) for gear rack piston extension only. As-
suming an adiabatic gas expansion, F(x) is given from section 4.3 as; 
F( x) = [ 4 04 - 14 . 1] A . ( 5 .1 ) 
( 0. 60 I + 0. 866 x ) 1 · 4 pi~ 
The compression spring force, F s ( x), which is assumed linear over the 
operating range is given by; 
where x0 is the initial spring deflection. This force is independent of the 
direction of the gear rack piston motion. Substituting into the force balance 
equation, the state variable equations are: 
• X == V (5.2) 
I 
v == [ F( x) - k ( x + x O) ] . 
0.0097 
(5.3) 
After the gear rack piston is extended 13.3 cm( 5.25in), the explosive input 
force is set equal to zero. Physically, this corresponds to the gas pressure being 
vented through the stroking cylinder vent. The gear rack piston will continue 
to the right until its kinetic energy is absorbed into the spring. The spring 
force then accelerates the gear rack piston in the reverse direction. The 
previously derived equations of motion apply up to the point of clutch engage-
ment. Backlash in the overrunning clutch then results in an impact loading at 
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the clutch ratchet surf ares. 
The next phase of rnotion, which begins after clutch engagement, assumes 
that the gear rack piston, pinion, and engine move as one rigid mass. The in-
tial velocity of the lumped system is found by applying impulse and momentum 
principles. Again, the state variables are the gear rack piston displacement and 
the gear rack piston velocity. The engine inertia term enters the dynamic 
model as an equivalent linear mass. The equivalent linear mass term is, 
M m . + (J . + J )/r2 +1/3m. 
eq pis pin eng s 
M O. 5 7 2 2 I b-s 2 /in . 
eq 
The engine angular position and angular velocity are found using (} == x/r, 
and w == x/r. The engine cylinder gas compressive force, F , enters the comp 
numerical model only during the compression stroke. For TDC intake initial 
crankshaft position engine starting, this implies that the compression force enters 
the model after an engine angular displacement of 1r radians. F is found by comp 
converting the gas compressive torque, T , which was calculated in section comp 
4.3, into a linear force term by; F == T /r. romp romp 
The force balance from Figure 5-1 gives the following state variable equa-
tions, 
• X == V (5.4) 
l 
v == [F -k(x+x )]. 0.5722 comp O (5.5) 
If the relative engine speed were greater than the gear rack piston speed, 
the clutch would disengage, and the engine would freewheel. By monitoring the 
clutch engagement force, Feng' in the numerical model, it was found that the 
clutch did not disengage until the gear rack piston had returned to its initial 
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pc>sition. Tl1is conclusic>11 can easily l)e dra\\'n l>y r<>rnr>aring the· very s111all gear 
rack piston mass to the equivalent r11ass <>f th<1 er1gine inertia. 
Thus, when the gear rack piston returns to its initial position, the engine 
freewheels. The state variables for this phase of motion are the angular posi-
tion and the angular velocity of the engine crankshaft. The FBD of the engine 
crankshaft is shown in Figure 5-1. 
Summing the moments about the crankshaft yields the following state vari-
able equations; 
• 
, ()::::::. w (5.6) 
T 
comp (5.7) • w ::::::. 
J 
eng 
The dynamic effects that are small and have little effect on the dynamic 
system response include: 
1. Friction in the linear bearing and compression spring. 
2. The de motor /flexible coupling resistance. 
3. The sprag type overrunning clutch inertia. 
These effects were not included in this analysis. 
5.2 Discussion of Numerical Results 
The explosive input force was modelled in the simulation by assuming an 
adiabatic gas expansion process for a 2.4 grain nitrocellulose propellant charge. 
As stated earlier, the explosive input force was set equal to zero after the gear 
rack piston extended 13.3 cm(5.25in). The velocity of the gear rack piston and 
the spring stiffness determined how far the gear rack piston continued to travel 
after the explosi~e.,,Jnput force was set equal to zero. Table 5-1 gives the max-
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imurr1 gear rack piston disr>laceml'nt f<>r tlu· c
c>rresp<>nding spring stiffness. The· 
gear rack piston displacement increases as 
the spring rate is lowered. Tl1esc 
results indicate that the stroking cylinder ve
nt can be repositioned or a reduced 
propellant charge can be used to limit the ge
ar rack piston displacement to 12. 7 
cm(5.0in). 
Spring stiffness 
K, lb/in 
30 
40 
60 
100 
gear rack deflection 
cm (in) 
16.9(6.26)• 
13.7(6.40) 
12.6(4.Q3) 
8.4(3.29) 
* The explosive force was set equa
l to zero after 
10.2 cm(4.00in). 
Table 5-1: Gear rack piston displace111e11t 
for various spring stiff11esses. 
The results of the numerical simulation given
 in Tables E-8, E-9, and E-10 
in Appendix E are for the 2.4 grain propell
ant charge case. These results as-
surr1P that the cxr>l<>sive in1>ut force extends 
the gear rack piston as far as it 
can with the input force set equal to zero
 after 13.3 cm(5.25in) of gear rack 
piston displacement. The 30 lb/in spring stif
fness case was slightly modified to 
allow only 10.2 cm( 4 .OOin) of gear rack piston displace
ment before the explosive 
input force was set equal to zero. 
The simu]ation runs using the theoretical value of e
ngine inertia, which is 
2-1 /2 times smaller than the experimental in
ertia value, consistently produced 
higher engine speeds as compared to the sim
ulation runs using the experimental 
inertia value. This is expected as the large
r engine inertia opposes the system 
acceleration. The time to maximum speed i
s a]so shorter for the theoretical in-
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ertia runs. 
The computer simulation was then rr1odified to initially start out with 12. 7 
cm( 5.0in) of spring deflection with no clutch backlash. This method of analysis 
predicted the engine speed-time response by assuming that the propellant charge 
could extend the gear rack piston exactly 12. 7 cm( 5.0in). This modification was 
made to allow a direct comparison to the experimental compression spring tests. 
The system response was determined, and the results are shown in Tables E-11 
and E-12 in Appendix E. These results sho\v that the engine speeds • are in-
creased as larger spring rates are used. This is ex1>ected as more energy is in-
put to the system when a higher spring rate spring is deflected the same 
amount. The end result of the numerical analysis was that either a two inch 
or a 1-1/2 inch diameter pinion with a spring stiffness between 30-40 lb/in can 
be used for the prototype CAD starter. The 1-1/2 inch diameter pinion was 
favored because it could input the potential spring energy over a larger engine 
crankshaft angular displacement. The numerical simulation showed that a 
reduced propellant charge should be used because the 2.4 grain charge produces 
excessive spring deflection for the spring rates specified. A direct comparison 
between the nurr1erical modelling results and the experimental engine starting 
tests will be made in chapter 7. 
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_Chapter 6 
Description of Preliminary Designs 
This chapter describes the synthesis that was done to design the cartridge-
actuated starter. Synthesis, the process of contriving a scheme or method to 
accomplish cartridge-actuated engine starting, was done by studying several 
preliminary engine starting concepts. These preliminary starting concepts were 
evaluated by experimental analysis. All the starting concepts described in this 
chapter played a role in shaping the starter prototype. 
6.1 Direct Engine-Head CAD Starting 
The first engine starter that ,vas studied used a direct starting method. 
~t\.s rnentioned in chapter one, direct starting by releasing the tround energy 
directly into the engine cy ]ind er was studied by Powerstart, Inc. Followup test-
ing was done here at Lcl1igh University. Two interesting facts were noted upon 
testing of this starting method. First, the pressure generated by the deflagra-
tion process could be converted into kinetic energy of the engine parts by allow-
ing the explosive gas to expand against the engine piston. 
Secondly, this explosive energy conversion occurred without any noticeable 
damage to the internal engine parts. Although the conclusions reached for this 
starting method were exactly those reached by Powerstart, the concept of ex-
plosive energy conversion by the use of an expanding gas/piston arrangement 
was carried over to all subsequent starter designs. 
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0.2 Dir~ct R.8ck n11,I Pi11io11 CAD Stnrti11g 
This section describes the first gear rack piston and pinion engine starter. 
The system configuration is shown in Figure 6-1. 
clutch 
gear rack piston 
-- - -- - ----fl...._--F( X) 
Figure 6-1: Direct rack and pinion syste1n co11figuration. 
This direct starting rnethod used an independent piston/cylinder arrange-
ment. The gear rack piston \\'as connected to the engine through a pinion and 
an overrunning clutch. As the explosive energy \\1as rapidly released, the gear 
rack piston motion instantaneously engaged the overrunning clutch. The gear 
rack piston travelled through its \\1orking stroke, and it deflected a compression 
spring to stop its motion. The gear rack piston returned to its initial position 
as a result of the compression spring force. The high gear rack piston accelera-
tion produced by the explosive energy release resulted in large gear tooth 
stresses at the instant of clutch engagement. Backlash in the clutch caused 
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severe impact loading of th<' g<~ar t.('<'1.li and rlut.rh engager11<1 nt surfaces. The 
rugged sprag type clutch could not withstand this impact loading. 1"he clutch 
steel balls indented the cast steel clutch housing. The soft engine flywheel key, 
which is intended to shear when the crankshaft is subjected to impact loading, 
would partially shear after each starting attempt. After several starting at-
tempts, the input end of the engine crankshaft was permanently deflected 
3. l 8mm(O. l 25in ). 
The reason the direct engine head CAD starter did not damage the engine 
parts was that the impulsive nature of the input force was very similiar to the 
engine combustion force. The piston and cylinder is designed to handle this 
loading, while the engine crankshaft is not. 
A typical speed-time plot for direct rack and JJinion CAD starting is 
shown in Figure 6-2. The average gear rack piston acceleration over the intake 
stroke was 55.9m/s2(2,199in/s2). 
The starter cylinder assembly that was built for this design was later used 
in the present CAD starter. The conclusion reached from analyzing this direct 
starting method ,vas that a gear rack piston and pinion gearing system could 
convert the straight line gear rack piston motion into rotary motion needed to 
accelerate the engine if a method of slowing down the explosive energy release 
rate could be found. 
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600 
Speed(RPM) 
300 
0. 1 0.2 TIME(s) 
Figure 6-2: Speed-time plot: rack and pinion direct starting. 
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6.3 D011l>I~ Mass l11direcf. (~AD Stnrti11g 
The doub)e mass indirect method of CAI) starting was the first starter 
design to incorporate a spring element for the purpose of controlling the gear 
rack piston acceleration. The mass spring configuration of this starter is shown 
in Figure 6-3. 
clutch 
gear rack piston 
--------- F( I) 
--------~ 
Figure 6-3: The double 111ass starti11g configuration 
In this configuration, the function of the short starter piston \\'as to seal 
the generated gas pressure from the atn1osphere. The function of the gear rack 
piston \\'as to mesh with the pinion that was connected to the engine crankshaft 
through the overrunning clutch. A 12 inch freelength, 1.0 inch outside 
diameter, l 03 lb /in rate die spring \\'as placed bet.ween the short start.er piston 
and the gear rack piston. The function of the spring was to absorb the initial 
explosive impact force whi)e accelerating the gear rack piston at a slo\\1er rate. 
Experimental analysis of this starting method revealed that the compression 
• (\, ___ spring 
. \ 
deflected to its solid height, thus undergoing permanent set . 
I 
Physically, 
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th<' f<>rc<' <~xcrt.cd l>y th<· srnall r>iston c>n th<> die spring r<>rnpressed it t<> sc>lid 
height bef<>re th<> gear rack pist<>n started to move. 
Impact loading of the clutch ratchet surfaces was reduced but not 
eliminated in this indirect approach. This system had two masses which com-
plicated its dynamic behavior. The pinion and the gear rack piston would oscil-
late as the result of introducing another degree of freedom into the system. 
This system oscillation made repositioning of the starter for another starting at-
tempt very difficult. 
Faced with the impact loading problem, it was then observed that the 
double mass system could be reconfigured to give a purely indirect starting 
sytem with only one moving mass. The small piston in the double mass system 
\\'as rnoved to the left side of the gear rack to forrn one m<)ving n1ass - the 
gear rack piston. A mechanical stop was placed at the right side of the com-
pression spring. The explosive input force was then applied in the opposite 
direction as compared to the double mass system. The clutch overrides the en-
gine input shaft \vhile the explosive energy is stored in the compression spring. 
This test configuration, which is the current prototype e11gine starter, is shown 
in Figure 6-4. 
The biggest advantage of this starting scheme is that gear tooth and 
clutch impact loading problems are practically eliminated. A single mass system 
is simplier in design, and is more efficient than the double mass system. 
'· 
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clutch 
gear rack piston 
• 
,-------------~~-, , spring 
F(x)----....__--=-_-----=----~~ V\/Wv4 __ _ 
Figure 6-4: The curre11t starti11g configuration. 
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Chapter 7 
Comparison of Reslllts 
This chapter will compare results of the theoretical, numerical, and ex-
perimental analyses that were conducted. The theoretical tround energy will be 
compared to the experimentally determined tround energy. The two methods of 
determining the engine inertia will be discussed. Results from the experimental 
engine starting tests will be compared to the results from the numerical sirr1ula-
t.ion. 
7 .1 Tro11nd Energy Co1nparison 
The available tround energy was theoretically determined by assuming an 
adiabatic gas expansion process. The maximum pressure needed for this calcula-
tion was obtained from the experimental pressure-time tests taken from the 
CAD starter initial volume chamber. The ca]culations showed that the tround 
contained ample energy to drive the gear rack piston through the 13.3 
cm(5.25in) \\1orking stroke. The available tround energy was found to be 80.7 
N-m(714in-lb). This analysis showed that the stroking cylinder pressure was 
higher than atmospheric pressure when the gear rack piston reached the end of 
the working stroke. This implies that the gear rack piston will have kinetic 
energy at the end of the working stroke, and the stroking cylinder can be 
lengthened to fully utilize the generated gas pressure. The amount of propellant 
can be reduced if a longer working stroke is not used. 
The tround energy was also determined experimentally by measuring the 
compression spring deflection resulting from the explosive gas pressure force. 
The results from the CAD starter tests showed that the explosive energy con-
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'J 
vert.ed to pc>t,cnt.ial SJ>ring energy was 5(i.5 N-rn(5()0in-lb) for a 2.() grain prc>J>el-
lan t charge. 
A direct comparison of the theoretical and the experimental analyses can-
not be made because the theoretical analysis is based on a 2.4 grain propellant 
charge and the experimental tests are based on a 2.0 grain nitrocellulose propel-
lant charge. 
The numerical simulation, which assumed an adiabatic gas • expansion 
process for a 2.4 grain propellant charge, gave the maximum spring deflection as 
15.9 cm(6.25in). Using equation (3.4), the work done by tl1e explosive force in 
compressing the spring is 85.4 N-m(756in-lb ). The numerical simulation 
produces a slightly larger value of energy that is delivered to the system as 
compared to the theoretical analysis. This can be expected as · the numerical 
model accounts for the kinetic energy of the gear rack piston that is absorbed 
into the compression spring \\rhile the theoretical analysis does not. The actual 
energy stored in the spring is probably slightly less than the numerical result 
due to friction and other inefficiencies of the linear bearing and the compression 
spring. Some of the generated gas also escapes from the expanding gas chamber 
past the 0-ring seal which would reduce the energy stored in the compression 
• 
spring. 
7. 2 E11gine Inertia Comparison 
The engine rotary inertia was determined experimentally by conducting the 
two falling weight inertia tests. The percent error between the two experimen-
tally determined values of engine inertia is 21 %. Several sources of error which 
tend to increase the experimentally determined value of engine inertia include: 
68 
1. Cable and pulley friction. 
2. Cable and pulley inertia. 
3. Internal engine friction. 
4. Resistance of the de motor/ tachometer. 
5. Resistance of the flexible coupling. 
Thus, the falling weight testing method should provide a conservative up-
per bound on the actual engine inertia. 
The simplified analytical analysis produced a much ]ower value for the en-
gine rot~ry inertia. The calculations were made by adding the inertia of the 
engine parts. Internal engine and bearing friction were not included in this 
analysis. Thus, the ana]ytical value of engine rotary inertia should provide a 
lower bound on the actual engine inertia. 
The numerical simulation was run for both values of engine inertia. The 
results of these two models will be compared to the compression spring engine 
starting results in the following section. 
7 .3 E11gi11e Stnrti11g Co1nparison a11d Analysis 
A comparison between the various experimental starting tests and the 
numerical simulation results will be made. Table 7-1 summarizes the experimen-
tal and numerical results. 
Ref erring to the data in Table 7-1, the time to the end of compression 
stroke and the engine speed are indirectly related. As the time to the end of 
the compression stroke shortens, the speed required to reach the end of the 
compression stroke must be increased. The same general result also holds for 
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STARTING METHOD TIME TO END OF 
COMPRESSION, s 
PULL ROPE 0.28 
COMPRESSION SPRING 
2 INCH PINION 0.13 
COMPRESSION SPRING 
1-1/2 INCH PINION 0.11 
NUMERICAL MODEL 
2 INCH PINION(theo.) 0.124 
(exp.) 0.188 
NUMERICAL MODEL 
1-1/2 INCH PINION(theo.) 
(exp.) 
O. lOQ 
0.201 
SPEED AT END OF 
COMPRESSION, RPM 
420 
648, 
, .. • 
606 
616 
28Q 
664 
2Q3 
MAXIMUM 
SPEED, RPM 
744 
736 
666 
8Q6 
481 
861 
466 
NOTE: The compression spring and numerical simulation results 
are for a spring deflection of 6 inches and a spring 
rate of 40 lb/in. The numerical results are listed 
£or the theoretical and experimental inertia cases. 
Table 7-1: Comparison of various starting methods. 
the maximum engine speed. R.eca]ling tl1e equiva]ent linear acceleration results 
from the pull rope and compression spring starting tests, the engine acceleration 
is also indirectly re]ated to the time required to reach the end of the compres-
sion stroke. Thinking in physical terms, these results are quite simple to visual-
• 1ze. 
The pull rope starting method readily starts the engine. Experimental 
testing showed that compression spring engine starting can reliably start the en-
gine. These two starting methods produce quite different equivalent linear ac-
celerations. The time to the end of the compression stroke data presented in 
Table 7-1 supports this very important result. This result implies that e11gine 
starting is, for the most part, independent of the engine acceleration. The goal 
is to start the engine the first pass through the compression stroke. Thus, the 
required acceleration must be such that the resulting speed at the end of the 
compression stroke is greater than the minimum speed requirement. This 
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provides a lc>we.r ]irnit. on the engine acceleratic>
n. 
The maximum engine acceleration is g
overned by the impact loading that 
is applied t the engine crankshaft. If
 the acceleration is too high, the clutc
h 
parts as well as the engine parts will b
e damaged. 
Direct comparison of the numerical dat
a and the compression spring data 
in Table 7-1 shows that the compressio
n spring data falls between the theoret
i-
cal and the experimental numerical valu
es. Thus, the experimental inertia valu
e 
provides an upper bound on the engine 
inertia while the theoretical inertia valu
e 
provides a lower bound on the engine i
nertia. The important result is that th
e 
numerical model accurately predicts th
e dynamic system behavior. The com
-
pression spring data is closer to the t
heoretical data which indicates that th
e 
engine inertia is better approximated by th
e theoretical calculation. 
~ 
) 
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Chapter 8 
Conclusions and Recommendations 
The goal of this investigation was to develop a working prototype of a 
cartridge-actuated, small horsepower gasoline engine starter. This preliminary 
work has shown that the tround cartridge, with a reduced nitrocellulose propel-
lant charge of 2.0 grains, contains ample energy for TDC intake initial 
crankshaft position engine starting. 
The CAD starter was tested for the TDC intake initial crankshaft posi-
tion. The prototype starter started the engine ten consecutive times when the 
1-1 /2 inch pinion was used with the 40 lb/in rate spring. The CAD starter 
should perform satisfactorily for other crankshaft initial positions with slight 
modification. 
The major limitation of this starter is its overall length of 46 inches. 
This makes the CAD starter impractical for most applications. Engine starting 
for any initial crankshaft position would require more input energy, and the cur-
rent prototype starter would need to be lor1ger than 46 incl1es. The spri11g 
energy would have to be transferred to the engine crankshaft over a much 
larger angular displacement to insure meeting the speed requirement at the end 
of the compression stroke. The minimum angular displacement must be 2-1/2 
revolutions of the engine crankshaft. A reliable starter would require energy to 
be input over at least three revolutions of the engine crankshaft. For the cur-
rent starter prototype, this would 
and/ or a smaller pinion. The use 
require a much longer ~compression spring ) 
of a smaller pinion is not recommended as 
the gear tooth force becomes excessive. 
One method of reducing the overall starter length would be to use a larger 
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diarrieter gear rack pist,on. The spring £lnd <>f thP g<~ar rack piston could be 
bored out to allow the end of the cornpression spring to be seated inside the 
gear rack piston. This would reduce the overall starter length by at least 12 
inches. By condensing the current starter as much as possible, the overall 
length of a reliable CAD engine starter could be 32 inches. 
Another method of reducing the size of the prototype starter would be to 
store the explosive energy in a clock or power spring. Storing the energy in a 
power spring would eliminate the gear rack piston and the compression spring, 
thus eliminating the conversion of linear motion to rotary motion. A CAD 
starter utilizing a clock or power spring would be similar in design to the exist-
ing impulse starter. It would have a safety advantage over the impulse starter 
because the energy \vou]d be continual})' released instead of stored and then 
manually released. The piezo-electric igniter would release the explosive energy, 
and the potential spring energy would instantly apply an input torque to the 
engine crankshaft. One limitation of the impulse starter is the short power 
spring life resulting from the large stresses developed in the spring material. 
Explosively storing energy in a power spring, which is a very rapid process, 
would result in an even shorter spring life. Thus, the power spring concept 
would probably not result in a reliable CAD starter. 
The prototype CAD starter will now be compared to the starter require-
ments discussed in section 1.4. The minimum starting speed requirement of 300 
RPM set by Briggs & Stratton seems to be somewhat low for reliable engine 
starting. The compression spring cJata in Table E-5, Appendix E, indicates that 
the engine did not start in rfpur cases for an engine speed at the end of the 
v 
compression stroke of at least 500 RPM. This result could be caused by timing 
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problerr1s resulting frorr1 a partially sheared engint) crankshaft kP)'· 11<>wever, t}ie 
Briggs &. Stratton starting requirement d(>es appear to be somewhat ]ow. 
Ideally, the CAD starter should turn the engine through 3-4 revolutions. 
The prototype CAD starter on]y turns the engine through 1.1 revolutions, 
provided clutch backlash is eliminated. The prototype starter is repositioned 
after every starting attempt to accomodate multiple starting, however, a low 
speed indexing device needed to position another tround cartridge in the firing 
position has not been developed. The prototype starter can also be easily 
adapted to other engine makes and models. The CAD starter could compete 
with the rewind starter if the Briggs & Stratton sprag type clutch was used. A 
cost analysis would be needed to see if the CAD starter could compete with the 
rewind starter due to the need for a high precision low backlash cl1itch. 
The first recommendation for future work is to investigate the use of a 
much slower reacting, gas generating propellant. Amn1onium perchlorate or 
potassium perchlorate might be considered. The corrosive byproducts produced 
by any deflagrating prope11ant n-iust be carefully considered when selecting a 
propellant. If a propellant can be found that would satisfactorily release its 
chemical energy over a period of at least one second, a direct starting method 
should be pursued as it would not require temporary storage of the explosive 
• • • 
energy 1n a compression spring . 
. i direct starting method must be used, the propellant with the 
time should be· used to increase the time of energy transfer to 
• 
spring. This would increase the compression spring life by 
reducing e extremely rapid spring loading. The bored out gear rack piston 
concept should be incorporated in any indirect starter that uses a compression 
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spring for temporary energy storage. 
T}1e penultimate recommendation is to replace the Briggs & Stratton sprag 
type clutch with a high precision overrunning clutch that has minimal backlash. 
This would greatly increase the efficiency of the CAD starter while reducing, if 
not eliminating, the impact ]oading prob]ems encountered with the Briggs & 
Stratton clutch. 
The last recommendation is to redesign the engine crankshaft to better 
withstand an irr1pulsive load applied to its input end. Provisions might be 
made to prevent shearing of the soft engine flywheel key, but the consequences 
of this action must be carefully considered. 
Future work should investigate engine starting for any initial crankshaft 
. -· 
position. Other methods of converting the explosive energy into energy that can 
be applied over at least three revolutions of the engine crankshaft should also 
be investigated. 
... 
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Appendix A 
Manufacture's Specifications 
1. Briggs & Stratton single-cylinder, L-head, air-cooled type· engine. 
Horizontal crankshaft. 
Maximum horsepower: 3.0 HP at 3600 RPM 
Bore: Model: 80202 
Type: 1517-01 
Code: 86011403 
Stroke: 44.45mm -3/4") 
Displacement: 127 .Occ(7. 75in3) 
2. TRW de motor/tachometer 
Part No. 429A6004 
Maximum speed 3600 RPM 
6 V de maximum output 
3. Danley rectangular wire compression spring. 
~1aterial: Vacuum degassed, valve spring quality chrome vanadium steel. 
Outer Diameter (OD) 1.0 inch. 
Freelength 12 inches. 
J\1aximum operating dcnection: 5.0 inches. 
Spring rate: 40.0 lb/in. 
4. National 0-ring. 
Material: Fluorocarbon; Good chemical and corrosion resistance. 
Designed for dynamic loading. 
0-ring size: AS568-211 
Inside diarr1eter: 0. 796±0.010 
0-cross section: 0. 139+0.004 
5. Thompson Linear Bearing. 
Type SPB-OPN Open Super Ball Bushing Pillow Block (adjustable diameter). 
1.0 inch non1inal shaft size. 
Part No. SPB-16-0PN 
6. Boston Gear System 
Steel pinion: Part No. Y A30 Item Code 09906 
Steel gear rack: Part No. L2020-4 Item Code 12758 
7. Omega full-bridge type pressure transducer. 
Part No. PX302-l.5 KGV 
10 V de excitation 
Rated output: 1.0mv /15psi 
100 m V full scale output 
Stainless steel construction 
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Appendix B 
Shop Drawings of Prototype Starter 
0 0 (J 
, 0 
Figure B-1: Assembly view: CAD starter a11d 111ou11ting arra11gen1ent. 
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Figure B-2: Detailed drawing of the piston e11dcap. 
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Figure B-3: Detailed drawi11g of the head endcap. 
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Figure B-4: Detailed drawing of tl1e stroki11g cylinder. 
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Appendix C 
Tround Pressure-Time Data 
This appendix contains the tround pressure-time data and the correspond-
ing pressures that were calculated from the experimental voltages. Static pres-
sure calibration of the pressure transducer showed good agreement with the 
manufacturer's voltage/pressure calibration factor of 1.0 m V == 15 psi. 
TROUND 
ID 
C7 
cs 
cg 
Dl 
D2 
D6 
D6 
GlO 
HI 
H2 
H3 
H4 
H6 
H7 
H8 
HQ 
HlO 
Jg 
JlO 
L3 
L4 
L6 
lOBLACK 
llBLACK 
12BLACK 
13BLACK 
Ml 
M3 
N3 
06 
Q6 
LAG 
TIME(mS) 
16.6 
13.0 
13.0 
7.6 
7.0 
7.0 
4.0 
10.0 
7.0 
13.0 
5.0 
8.6 
18.0 
6.0 
6.0 
6.6 
6.6 
16.5 
7.0 
16.0 
22.0 
3.6 
4.0 
4.6 
lQ.O 
1. 6 
2.6 
1. 8 
16.0 
14.6 
3.6 
RISE 
TIME(mS) 
7.0 
8.0 
9.0 
8.0 
8.0 
8.0 
11.0 
6.6 
6.0 
8.0 
6.0 
6.0 
6.6 
7.0 
6.0 
9.0 
Q.O 
6.0 
8.0 
8.0 
8.0 
6.6 
6.0 
6.0 
6.6 
6.0 
4.6 
6.6 
6.0 
6.0 
6.0 
MAXIMUM 
VOLTAGE(mV) 
2.3 
6.1 
6.2 
6.0 
6.8 
4.8 
6.1 
13.0 
12.0 
9.6 
10.1 
Q.6 
10.6 
10.6 
Q.6 
8.6 
8.6 
9.1 
6.6 
7.1 
7.6 
9.6 
11.4 
12.0 
10.1 
16.0 
14.0 
11~0 
8.4 
6.0 
9.2 
MAXIMUM 
PRESSURE, MPa(psi) 
0.238(34.6) 
0.631(Ql.6) 
0.641(93.0) 
0.620(QO.O) 
0.600(87.0) 
0.496(72.0) 
0.627(76.6) 
1.34(1Q6) 
1.24(180) 
0.986(143) 
1.05(162) 
0.986(143) 
1. 09 (158) 
1.0Q(168) 
0.986(143) 
0.882(128) 
0.882(128) 
0.944(137) 
0.676(98.0) 
0.738(107) 
0.779(113) 
0.986(143) 
1.18(171) 
1.24(180) 
1.06(162) 
1.66(226) 
1.44(210) 
1.14(166) 
0.869(126) 
0.620(90.0) 
0.961(138) 
Table C-1: Pressure-ti111e data: 25.7 cc(l.57in3 ) cha111ber. 
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' TROUND 
ID 
D8 
D10 
El 
E2 
E4 
E6 
E6 
KK6 BLUE 
12BLACK 
E9 
G2 
Ga 
G4 
G6 
G7 
G8 
LAG 
TIME(mS) 
10.0 
6.0 
4.0 
4.0 
8.0 
16.0 
12.0 
21.0 
3.0 
13.0 
6.0 
6.6 
6.0 
7.0 
6.0 
8.0 
RISE 
TIME(mS) 
8.0 
6.6 
4.6 
6.0 
7.0 
8.0 
6.0 
8.0 
6.0 
7.0 
6.0 
6.6 
6.0 
7.0 
6.0 
8.0 
MAXIMUM 
VOLTAGE(mV) 
3.2 
3.6 
3.3 
3.0 
7.2 
3.1 
3.9 
2.3 
4.2 
8.0 
6.6 
6.0 
6.6 
6.0 
6.4 
6.0 
MAXIMUM 
PRESSURE, MPa(psi) 
0.330(48.0) 
0.362(62.6) 
0.341(49.6) 
0.310(46.0) 
0.746(108) 
0.324(47.0) 
0.403(68.6) 
0.238(34.6) 
0.434(63.0) 
0.827(120) 
0.672(97.6) 
0.620(90.0) 
0.66Q(82.6) 
0.617(76.0) 
0.668(81.0) 
0.617(76.0) 
Table C-2: Pressure-time data: 58.0 cc(3.54in3 ) chamber. 
TROUND 
ID 
F2 
F3 
F4 
F6 
F8 
FlO 
g 
16N 
7 
8 
17N 
2 
3 
4 
6 
7 
16 
KK7 
E7 
E8 
ElO 
Fl 
LAG 
TIME(mS) 
6.0 
29.0 
20.6 
6.0 
6.0 
11.6 
Q.O 
2.6 
10.6 
13.6 
2.6 
7.6 
4.0 
6.6 
2.0 
4.0 
3.6 
4.2 
6.0 
2.0 
12.0 
38.0 
RISE 
TIME(mS) 
8.0 
6.0 
6.0 
6.0 
6.0 
6.0 
4.0 
3.6 
3.6 
4.0 
3.0 
3.6 
3.6 
6.6 
6.0 
3.0 
6.0 
6.,0 
3.0 
4.0 
4.0 
6.0 
MAXIMUM 
VOLTAGE(mV) 
3.6 
2.7 
2.2 
2.8 
3.2 
2.2 
7.1 
3.2 
3.8 
2.9 
1.8 
2.8 
2.4 
1.6 
2.6 
1.7 "" ,, 
3.6 
2.1 
6.7 
1.6 
1.6 
1.6 
MAXIMUM 
PRESSURE, MPa(psi) 
0.361(62.6) 
0.27Q(40.6) 
0.227(33.0) 
0.28Q(42.0) 
0.330(48.0) 
0.227(33.0) 
0.738(107.) 
0.331(48.0) 
0.393(67.0) 
0.300(43.6) 
0.186(27.0) 
0.290(42.0) 
0.248(36.0) 
0. 165 (24. 0) 
0.268(37.6) 
0.176(26.6) 
0.372(64.0) 
0.217(31.6) 
0.689(86.6) 
0. 166 (24. 0) 
0.166(24.0) 
0.166(22.6) 
Table C-3: Pressure-ti1ne data: 116. cc(7.07in3 ) chamber. 
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TROUND 
ID 
R2 
R6 
RQ 
S3 
S7 
SQ 
V6 
V7 
LAG 
TIME(mS) 
6 .1 
6.6 
3.Q 
6.0 
8.6 
10.0 
7.6 
3.Q 
RISE 
TIME(mS) 
0.4 
1.0 
6.3 
Q.O 
0.6 
0.4 
0.4 
0 .1 
MAXIMUM 
VOLTAGE(mV) 
60.0 
72.0 
66.0 
3Q.O 
66.0 
48.6 
47.0 
66.0 
MAXIMUM 
PRESSURE, MPa(psi) 
6 .17 {760) 
7.46(1080) 
6.69(826) 
4.03(686) 
6.72(Q76) 
6.02(728) 
4.86(706) 
6.69(826) 
Table C-4: Pressure-time data: 9.84 cc(0.60lin3 ) chamber. 
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Appendix D 
Calibration of the de Motor 
The de mot.or /tachometer generates a pul~d or ac signal and a de signal. 
The de signal is preferred for oscilloscope processing. The calibration procedure 
was to turn the de motor input. shaft at a known speed, and measure the volt-
age output. The input shaft was clamped into the chuck of a variable speed 
drill press. A stroboscope was used to monitor the drill press speed. Data 
taken at several points in the speed range. between 0-800 RP~1 along \\'ith the 
corresponding voltage-speed plot are sho\\'n below. 
Speed (RPM) Output(V) K Factor(speed/volts) 
100 0.176 668.2 
200 0.320 626.0 
300 0.474 632.Q 
400 0.631 633.Q 
600 0.787 836.3 
600 O.Q43 636.3 
800 1.266 632.0 ~ 
Table D-1: Calibratio11 data for the de motor. 
.. 
. . '.' ... ' .. 
0.4 
200 400 600 800 
Speed (RPM) 
F,igure D-1: Voltage-Speed plot: de 111otor calibration. 
j 
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Appendix E 
Speed-Time Engine Data 
This appendix lists all the recorded speed-time engine data. 
Trial Peak time (s) Maximum voltage(V) Maximum Speed(RPM) 
1 0.66 0.47 2QO 
2 0.68 0.47 2QO 
3 0.60 0.46 286 
4 0.60 0.47 2QO 
6 0.68 0.47 2QO 
6 0.60 0.48 300 
7 0.60 0.48 300 
8 0.69 0.48 300 
g 0.69 0.4Q 306 
10 0.60 0.49 306 
Table E-1: Speed-tin1e data: 9.07 kg(20lb) inertia test. 
Trial Peak time (s) Maximum voltage(V) Maximum Speed(RPM) 
1 0.48 0.61 380 
2 0.48 0.60 376 
3 0.48 0.60 376 
4 0.48 0.61 380 
6 0.48 0.60 376 
6 0.48 0.64 400 
7 0.48 0.62 ago 
8 0.48 0.64 400 
g 0.48 0.62 3QO 
10 0.48 0.64 400 
Table E-2: Speed-time data: 13.6 kg(30lb) inertia test. 
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v , 
Trial 
1 
2 
3 
4 
6 
6 
7 
8 
g 
10 
Trial 
1 
2 
3 
4 
6 
6 
7 
8 
g 
10 
I I , 
Peak 
time(s) 
0.28 
0.27 
0.28 
0.28 
0.30 
0.28 
0.28 
0.28 
0.28 
0.28 
Maximum 
speed 
Voltage(V) RPM 
1.28 800 
1.00 626 
1.28 800 
1.28 800 
1.28 800 
1.14 716 
1.10 6QO 
1.1g 746 
1.18 740 
1.16 720 
Speed at end of 
compression stroke. 
Voltage(V) RPM 
0.76 476 
0.67 420 
0.76 476 
0.76 476 
0.71 440 
0.76 476 
0.68 426 
0.72 460 
0.66 410 
0.88 426 
Table E-3: Speed-time data: pull rope engine starting. 
Peak 
time(s) 
0.47 
0.60 
0.60 
0.60 
0.60 
0.48 
0.60 
0.61 
0.60 
0.48 
Maximum 
speed 
Voltage(V) RPM 
0.68 360 
0.68 360 
0.60 376 
0.60 376 
0.60 376 
0.68 366 
0.60 376 
0.66 360 
0.60 376 
0.60 375 
Speed at end of 
compression stroke. 
Voltage(V) RPM 
0.24 160 
0.24 160 
0.24 160 
0.24 160 
0.24 160 
0.22 140 
0.26 160 
0.24 160 
0.28 176 
0.24 160 
Table E-4: Speed-ti1ne data: falling weigl1t starting. 
7 
87 
• 
Trial 
1 
2 
3 
4 
6• 
6• 
7. 
8 
9• 
10 
Peak 
time(s) 
0.16 
0.13 
0.13 
0.16 
0.10 
0.16 
0.12 
0.14 
0.14 
0.13 
Maximum 
speed 
Voltage(V) RPM 
1.13 706 
1.12 700 
1.13 706 
1.20 760 
1.30 813 
1.10 688 
1.28 800 
1.20 760 
1.10 688 
1.20 760 
Speed at end of 
compression stroke. 
Voltage(V) RPM 
0.84 626 
0.86 638 
0.86 638 
0.86 631 
0.92 676 
0.90 663 
0.92 676 
0.86 631 
0.90 663 
0.86 638 
* indicates that engine did not start. 
Table E-5: Speed-time data: 2 inch pinion co111pression spring tests. 
Trial 
1 
2 
3 
4* 
6 
6 
7 
8 
g 
10 
Peak 
time{s) 
0.12 
0 .11 
0.12 
0.16 
0 .11 
0.10 
0.10 
0.10 
0 .11 
0.10 
Maximum 
speed 
Voltage{V) RPM 
1.00 626 
1.00 626 
1.00 626 
0.84 626 
1.12 700 
1.22 763 
1.04 660 
1.03 644 
1.20 760 
1.04 660 
Speed at end of 
compression stroke. 
Voltage(V) RPM 
0.80 600 
0.81 606 
0.81 606 
0.68 363 
0.86 638 
0.92 676 
0.81 606 
0.81 606 
0.88 660 
0.81 606 
* Spring deflection was only 4" and the engine started. 
Table E-6: Speed-time data: 1.5 inch pinion, compression spring tests. 
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Tround 
ID 
Z4 
ZlO 
W7• 
X2• 
X3• 
X6• 
T6* 
T6* 
T7 
TlO 
Time of gear rack 
extension, (mS) 
30 
36 
36 
32 
Max. Spring 
deflection, cm(in) 
14.0(6.60) 
14.6(6.76) 
14.6(6.76) 
10.8(4.26) 
12.7(6.00) 
10.8(4.26) 
10.8(4.26) 
12.7(6.00) 
14.0(6.00) 
13.3(6.26) 
* Indicates the engine did not start. 
Speed at end of 
compression stroke 
Voltage (V) RPM 
0.79 490 
0.76 476 
NO TIME TRACE 
NO TIME TRACE 
NO TIME TRACE 
NO TIME TRACE 
NO TIME TRACE 
NO TIME TRACE 
0.62 390 
0.76 470 
Table E-7: Speed-time data: CAD engine starting. 
SPRING RATE DEFLECTION MAXIMUM 
lb/in 
30 
40 
60 
100 
30 
40 
60 
100 
cm(in) TIME, s SPEED, RPM 
2 EXPERIMENTAL INERTIA: 0.386 IN-LB-S 
16.9(6.26) 0 .113 477 
14.1(6.66) O.OQ7 482 
12.6(4.93) 0.087 478 
8.36(3.29) 0.069 426 
THEORETICAL INERTIA: 0. 1047 in-lb-s 
15.9(6.26) 0.060 866 
14.1(6.66) 0.061 878 
12.5(4.93) 0.046 871 
8.36(3.29) 0.030 786 
END OF COMPRESSION 
TIME,s SPEED, RPM 
0.173 264 
0.166 273 
0.164 266 
0.180 163 
2 
O.OQ4 412 
O.OQO 436 
0.089 422 
0.100 186 
Table E-8: Numerical data: 3.0 inch pinion, explosive input. 
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SPRING RATE DEFLECTION MAXIMUM 
lb/-in cm(in) TIME, s SPEED, RPM 
EXPERIMENTAL INERTIA: 0.386 in-lb-s2 
30 16.Q(6.27) 0.166 447 
40 13.7(6.40) 0.166 466 
60 12.6(4.Q3) 0.147 481 
100 8.36(3.2Q) 0.126 477 
THEORETICAL INERTIA: 0. 1047 in-lb-s 2 
30 16.Q(6.27) 0.086 846 
40 13.7(6.40) 0.080 goo 
60 12.6(4.93) 0.076 gog 
70 10.3(4.06) 0.070 QlQ 
100 8.36(3.29) 0.066 902 
END OF COMPRESSION 
TIME s SPEED RPM 
0.210 299 
0.197 312 
0.188 322 
0.180 266 
0.108 666 
0.100 632 
0.098 611 
0.096 666 
0.094 489 
Table E-9: Numerical data: 1.5 inch pinion, explosive input. 
SPRING RATE DEFLECTION MAXIMUM END OF COMPRESSION 
lb/in cm (in) TIME, s SPEED, RPM TIME,s SPEED, RPM 
EXPERIMENTAL INERTIA: 0.385 in-lb-s2 
30 16.9(6.26) 0.146 474 0.189 303 
40 14.1(6.66) 0 .133 497 0.177 320 
60 12.6(4.Q3) 0.126 4Q8 0.173 307 
100 8.36(3.29) 0.092 464 0.177 219 
THEORETICAL .INERTIA: 0. 1047 in-lb-s 2 
30 16.9(6.26) 0.076 887 0.099 666 
40 14.1(6.66) 0.069 92Q 0.093 683 
60 12.6(4.93) 0.066 931 0.091 663 
100 8.36(3.29) 0.049 862 0.0~ 382 
Table E-10: Numerical data: 2.0 inch pinion, explosive input . 
. ,.,., 
I 
I 
'\ 
90 
... 
~ 
SPRING RATE 
lb/in TIME, s 
MAXIMUM 
SPEED, RPM 
.. , 
I 
END OF COMPRESSION 
TIME,s SPEED, RPM 
EXPERIMENTAL INERTIA: 0.386 in-lb-s2 
30 
40 
60 
100 
30 
40 
60 
100 
0.186 
0.162 
0.146 
0.107 
THEORETICAL INERTIA: 
393 
466 
612 
734 
0.1047 
741 
861 
Q66 
O.OQ7 
0.086 
0.078 
0.067 1384 
0.247 
0.201 
0.182 
0.126 
in-lb-s 2 
0.131 
O. lOQ 
O.OQ6 
0.067 
160 
293 
383 
670 
303 
664, 
722 
1264 
Table E-11: Nu1nerical data: 1.5 inch pinion, 5 inch spring deflection. 
SPRING RATE 
lb/in 
30 
40 
60 
100 
30 
40 
60 
100 
TIME, s 
MAXIMUM 
SPEED, RPM 
END OF COMPRESSION 
TIME,s SPEED, RPM 
EXPERIMENTAL INERTIA: 0.385 in-lb-s2 
0.161 416 
0.141 481 
0.127 53g 
0.092 766 
THEORETICAL INERTIA: 0. 1047 
0.087 
0.076 
0.06Q 
0.063 
774 
896 
1004 
140Q 
0.227 
0.188 
0.166 
0.116 
in-lb-s 2 
0.124 
0.102 
0.089 
0.062 
163 
289 
37g 
667 
236 
616 
689 
1234 
Table E-12: Nu111erical data: 2.0 inch pinion, 5 inch spring deflection. 
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